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ABSTRACT 


This document is a final technical report of a research program entitled “Low Loss 
Substrates for Microwave Applications and Sol-Gel Processing of Superconductors.” 
This program was funded through the Advanced Research Projects Agency and The 
Office of Naval Research under grant No.: N00014-90-J-4140. The grant was for the 
period September 1,1990, through March 31, 1994. 

Systematic studies on low k oxide substrate materials suitable for epitaxial deposition 
of high Tc superconducting (HTSC) yttrium barium cuprate (YBCO) films and their 
microwave applications have been carried out. Several promising new hosts such as 
Sr(AI 1/2 Ta 1/2)03, Sr(Ali/2Nbi/2)03, and Ba(Mgi/3Ta2/3)03 in complex oxide 
perovskite family have been developed. The crystals of these compositions and their 
associated solid solutions provide new options for ultra low loss, low permittivity 
substrates with close structural and thermal properties matching to the YBCO. Studies 
were extended to the twin free perovskites (e.g., modified complex perovskites) with 
low congruent melting temperatures and alternative compositions with lower dielectric 
constants (e.g., in spinel, magnetoplumbite, and fluorite structures). 

The unique capabilities of a laser heated pedestal growth (LHPG) system have been 
utilized for test-growth of candidate materials in single crystal fiber form to determine 
structure, thermal, and dielectric properties and to make positive identification of twin 
free systems. 

Dielectric properties, thermal expansion coefficients, melting temperatures and growth 
feasibility were tested for a wide range of substrate materials and solid solutions. This 
knowledge base is important for the projected work and for the fundamental materials 
research. 

Systematic study on the surface crystallographic compatibility and epitaxial relations 
with the YBCO provided further guidelines for substrates selection and film deposition 
design. 




Development on the predictive capability of the dielectric constant of ionic solids, by 
improving ion polarizability additivity model (Shannon's approach), may provide a base 
for the selection of new compositions for further study. 

The unusual concentration of talent in the crystal chemistry of oxide insulators, and 
particularly in perovskite structure crystals, has been brought to bear upon the problem 
of devising new alternative compositions and twin free perovskites with low congruent 
melting temperatures, matching thermal expansion from the YBCO processing 
temperatures down to the liquid nitrogen working temperature and excellent chemical 
compatibility. New substrates developed and the technology base built in the program 
have stimulated collaborations among Penn State and other elements in ARPA 
superconductor programs. New substrate materials have been transferred to the 
Rockwell International Science Center for the growth of large single crystals. 

This final report summarizes significant results produced from this program through 
successful combination of our experimental and crystal chemistry approaches in this 
field. 
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1. INTRODUCTION 


This document is a final technical report of a research program entitled “Low Loss 
Substrates for Microwave Applications and Sol-Gel Processing of Superconductors.” 
This program was funded through the Advanced Research Projects Agency and The 
Office of Naval Research under grant No.: N00014-90-J-4140. The grant was for the 
period September 1,1990 through March 31,1994. 

The focus of this program has been upon developing and identifying new substrate 
materials with perovskite structures primarily, for the deposition of high Tc 
superconducting (HTSC) yttrium barium cuprate (YBCO) films, in microwave device 
applications. 

Materials issues on the selection of substrates for depositing HTSC films are 
addressed from a crystal chemistry point of view and on broad range experimental and 
theoretical approaches. Crystallographic structures (particularly the selected crystal 
planes for film deposition), dielectric properties (dielectric constants and loss tangents), 
thermal expansion coefficients, melting and growth behaviors of a large family of 
candidate substrate materials are presented in Section 3 and Section 4. 

The unique capabilities of a laser heated pedestal growth (LHPG) growth system have 
been utilized for test-growth of candidate materials in single crystal fiber form to 
determine structure, thermal, and dielectric properties and make positive identification 
of twin free systems. 

We have found from earlier studies, and from the widespread use of "buffer layers" 
that simple epitaxy does not explain the widespread occurrence of highly oriented 
films. Clarification of terminology currently ambiguously used in HTSC film field were 
given and description can be found in Section 5.1 (and Appendix 1). 

It became increasingly clear to us that the demand on the substrates to have a close 
"lattice match" was in many cases less appropriate. Similarity in structure is a higher 
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order criterion than simply lattice parameter matching though they are not independent. 
Crucial effort was conducted to establish the proper links between crystallography, 
ionic groupings in surfaces and the details of the deposition process which control their 
oriented overgrowths. This work is addressed in Section 5.2 (and Appendix 2). An 
ongoing wide range search for new low permittivity candidate materials using the 
predictive capability of the phenomenological ionic polarizability arguments is briefly 
described in Section 5.3 (and Appendix 3). 

2. TOPICS OF STUDY 

The objectives of this investigation includes (i) to screen various complex oxide 
materials to identify suitable HTSC substrate materials; (ii) to test the feasibility of 
single crystal growth by utilizing a laser heated pedestal crystal growth (LHPG) 
technique; and (iii) to “tune” the properties of complex perovskites for substrate 
applications using crystal chemical skills. 

This program explored a wide range of materials, mostly of oxide compounds and solid 
solutions where the atomic/ionic arrangement in the lattice can be directly related to 
that of the preferred ‘c’ face of the YBCO superconductor. 

High density ceramics were fabricated to explore bulk properties including dielectric 
and thermal expansion behavior and to test chemical compatibility with YBCO. 

Bulk single crystal and monocrystal fibers of the most promising compositions were 
grown to determine thermal, chemical and dielectric properties and make positive 
identification of twin free systems. The laser heated pedestal growth apparatus in MRL 
permited the growth of crystals of new substrate materials. 

2.1 Criteria of Suitable Microwave Substrates 

Superconductor device applications demand that the substrate materials for HTSC 
meet several requirements: 

• twin-free single crystal with matching lattice (or matching atomic structure) to the 
HTSC for oriented or ideal epitaxial films. 
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• thermal compatibility in terms of thermal expansion matching over the temperature 
range of film processing and operating (90K to >650°C), no structural phase 
transition. 

• suitable dielectric properties (dielectric constants and loss tangent) at liquid 
nitrogen temperature and microwave frequency. 

• chemically inert: at high deposition temperature and O2 annealing; high stability 
over time and in the ambient. 

• no cleavage property in the surface plane of interface; mechanically strong and 
scratch resistant. 

In addition to satisfy the general requirements, substrates to be used in microwave 
devices must be twin-free single crystals with potential to be grown in large size (2-4" 
wafer). Congruent melting compositions with modest melting temperatures are 
therefore favorable. The dielectric constant influences the propagation speed and the 
package dimensions therefore a moderately low dielectric constant (<25) is required. 
Because the conductor loss of the superconductor is diminished, the role of the 
dielectric loss becomes critically important. Very low dielectric loss (<10 4 ) is therefore 
demanded. 

The potential application of YBCO superconductor to the development of ultra high 
density interconnect systems for a new generation of high speed high density multichip 
modules dictates new requirements for the substrate design. An essential feature is 
the geometry of the X and Y layers of HTSC lines that must have geometries in cross 
section of order 2 x 1 [i meters thus necessitating a current carrying capability for the 
HTSC of -10 6 A/cm 2 . For this current capability clearly the YBCO must be highly grain 
oriented very near to single crystal, so that the whole multilayer structure is in the form 
of very highly oriented overgrowths on a single crystal substrate. Impedance 
characteristics for the interconnect structure dictate that the dielectrics used must be of 
low permittivity (ideally <10) if the geometry is to be preserved. Highly oriented thin 
films (2 urn or above) will be needed for the separation of strip line and ground plane 
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structures. Dielectric loss requirements are a little less stringent than those required 
for the microwave applications; however, tanS < 0.001 is highly desirable at the 77K 
working temperature. 

2.2 Overview of Current Available Substrates 

All the currently available substrates present some compromises. SrTi 03 crystals of 
high quality and large sizes, though they are readily available and yield the best quality 
epitaxial thin films (primarily due to their close interatomic structure matching to the 
HTSC), have high dielectric constant (>300) arising from the phase transition near the 
working temperature (-110K). AI 2 O 3 sapphire single crystal substrates, which have 
low dielectric constant k and low loss at microwave frequencies, require a buffer layer 
to avoid chemical interactions with the YBCO. One of the substrates, probably the one 
most used currently, LaAI 03 , though good in lattice matching and of reasonable 
dielectric properties, is heavily twinned and goes through a ferroelastic phase transition 
at ~435°C . 1 Table 1 lists some of the most commonly used substrates for comparison 
purposes. 

3. NEW SUBSTRATE MATERIALS: PROCESSING AND CHARACTERIZATION 

3.1 New Materials Processing 

3.1.1 Solid State Ceramic Synthesis 

Ceramic samples were prepared by solid state reaction, using conventional 
techniques. Calcining and sintering conditions were optimized through the study. 
Differential thermal analysis (DTA) was used to determine the minimum calcining 
temperature to achieve the desired phases and to select sintering temperatures. X-ray 
diffraction was used extensively to characterize the crystallographic phases and to 
adjust the processing conditions. Ceramic processing parameters are listed in 
Appendices addressing individual material. 

3.1.2 Single Crystal Growth by LHPG Technique 
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The LHPG technique has several unique features that are of special importance for 
this program. These advantages include containerless crystal growth and therefore the 
capability of growing refractory materials (that have low dielectric losses in general); 
capability of growing both incongruently and congruently melting compositions; and 
rapid growth rates. Fiber geometry also provides one dimensional dielectric material 
that may by itself meet microwave antenna requirements for some special device 
applications . 2 


Table I. Most commonly used high Tc superconductor substrates. 


Substrates 

Symmetry, 

Lattice 

Constants (A) 

Dielectric 
Constant 
k (at RT) 

Thermal 

Expansion 

a(x10- 6 /°C) 

Comments 

YBa 2 Cu 3 O 7 .fi 

Ortho. 

a=3.836 

b=3.883 

c= 11.68 

(Ref. 3 ) 


a a =14 

ab=9 

a c =19 

(Ref. 4 ) 


SrTi0 3 

Cubic 

a=3.905 

>300 

10.6 

Good epitaxial YBCO film; 
high dielectric constant 

LaAI0 3 

Rhomb. 

a=3.789 

a=90.12° 

23 

~10 

Structural phase transition at 
~435°C; heavy twinning 

Al 20 3 

Rhomb. 
a,b=4.7586 
c=12.9897 
y= 120 ° 

»c a =9.34 

k c =11.54 

6 

Poor lattice matching; poor 
thermal expansion matching; 
chemical interactions with 
YBCO (buffer layer often 
required). 

MgO 

Cubic 
a=4.2114 

9.65 

10.4 

Reasonable cost; easy to 
cleave; large lattice 
mismatching. 

YSZ 

(Zro 72 Y 0 2801862 ) 

Cubic 

a=5.16(2) 

26 

4.5 

Chemical interactions with 
YBCO, BaZr0 3 forms at the 
interface (buffer layer often 
required). 
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The laser heated pedestal growth (LHPG) method has been shown to be a powerful 
method for rapidly growing small diameter single crystals, particularly oxides of high 
melting temperature, for both property studies and fiber devices. 5 5 The LHPG 
equipment used in this investigation consisted of a power source (water cooled, 
tunable flowing gas CO 2 55W laser), an optical layout, and a growth section. The 
molten zone temperature during a stable growth was monitored using an optical 
pyrometer with a linear dimension resolution of 0.1mm. Additional details are provided 
in Appendices 4 and 5. 

3.1.3 Solution Sol-Gel Powder and Thick Film Processing 

The solution-sol-gel (SSG) method, which was pioneered at Penn State more than 40 
years ago, 7 consists three parts: (i) mixing various components in solution, often with 
the use of metal organic precursors; (ii) forming a sol and causing it to gel as the key 
step in the process to retain chemical homogeneity during desiccation; and (iii) shaping 
during or after gelation into essentially final shape before firing. The atomic scale 
homogeneity and low temperature processing, besides simplicity and low cost are the 
major advantages of the SSG method. 

Compared to the extensive work on a wide variety of deposition methods employed for 
oxide superconductors, only a small effort has so far gone into the SSG method for 
superconducting films. 8 910 11 The preliminary results obtained so far are encouraging 
and further effort is justified. 

We have demonstrated in this program that it is possible to grow oriented films of 
several materials on suitable substrates by this method at very modest temperature. 
High sinterability and high reproducibility are important for these low k substrate 
materials. Wet chemical methods are effective for attaining these characteristics. 

By using modified solution sol-gel process SAT, SAN, and BMT thin films and high 
density ceramics were made and the properties are shown to be very good as suitable 
material for substrates application. 
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3.2 Structure and Property Characterization 

3.2.1 Crystal Structures and Chemical Composition 

Crystallographic structures of new candidate materials were studied extensively by x- 
ray diffraction. 

Crystal quality and twinning were studied using polarized optical microscope and Laue 
back reflection photography. Scanning electron microscopy was also used for 
microstructure studies. 

Chemical compositions of ceramic and crystal materials were analyzed quantitatively 
using electron probe micro-analysis (EPMA, CAMECA, SX-50) with spatial resolution of 
2pm on the surface area and 0.2pm in depth. Relative analytic accuracy was ±2%. 

3.2.2 Dielectric Properties: at Microwave '*nd RF 

Radio frequency dielectric constants and the tangent loss were measured using a 
General Radio 1621 Capacitance Measurement System. Dielectric properties at 
microwave frequency were measured using resonance techniques equipped with an 
HP8510A network analyzer. Post resonance technique (the Hakki and Coleman 
technique) was used to measure the dielectric constants of the ceramic samples. 

Cavity perturbation technique was used for the measurements on samples of thin rod 
(e.g., single crystal fiber samples) or bar-shaped. The Q factors (of microwave 
frequency) at liquid nitrogen temperature were measured by a transmission resonance 
technique. 

Detailed description of dielectric measurement apparatus and methods are included in 
Appendix 4 (for RF measurement) and Appendices 6, 7, and 8 (for microwave 
measurement). 

3.2.3 Thermal Properties 

Thermal property compatibility of the substrates with HTSC films is critical for epitaxial 
film growth, in terms of determining the deposition and annealing temperatures, 
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possibility of producing thick films, and reducing the degradation process in films and 
devices under working conditions. 

Thermal expansion coefficients of new substrate materials were measured and 
compared to the thermal properties of the YBCO superconductor. The measurement 
was carried out from room temperature up to about 800°C by using a vertical push-rod 
dilatometer equipped with a high sensitivity linear variable differential transformer 
(LVDT). The heating and the cooling rates for thermal expansion measurements were 
regulated at 1 or 1.5°C/min using a microprocessor based temperature controller. 

3.2.4 Growth Behavior and Melting Temperatures 

The melting point was determined rather simply using a strip furnace, with two 
operators using two separate optical pyrometers and averaging several readings per 
sample. 

The heating element consisted of a V-shaped ribbon of iridium metal clamped between 
two water-cooled brass electrical contacts. The current through the strip as controlled 
by two variable AC transformers connected in a vernier arrangement for better 
temperature control. The notch of the V acts as a black body cavity. 

The samples, after determined to be a single phase by x-ray diffraction, were placed in 
the notch of the strip in form of small amount of granular powder. The onset of a 
melting process can be directly observed using optical pyrometer 

Growth behavior and the molten zone temperature of a crystal sample during a stable 
growth by LHPG method were monitored simultaneously using a CCD camera and 
using an optical pyrometer. 

4. WIDE RANGE SEARCHING FOR CANDIDATE MATERIALS 
4.1 Complex Oxide Perovskites 

The family of substrates with the perovskite structure is most important as those 
materials are among the most obvious candidates for epitaxial growth of YBCO films. 
Substrates of perovskite structure usually have the ideal cubic (such as SrTi0 3 ), 


8 




double ceil cubic (such as Ba 2 YSb0 6 ), hexagonal distorted pseudo cubic (such as 
LaAI0 3 ) or other pseudo-cubic cells (such as NdGa0 3 that has the [GdFe0 3 ] structure 
with orthorhombic symmetry). SrTi0 3 crystals of high quality and large sizes, though 
are readily available and yield the best epitaxial quality thin films (primarily due to their 
close interatomic structure matching to the HTSC), have high dielectric constant (>300) 
arising from the phase transition near the working temperature (-110K). Another 
probably the most used substrate currently, LaAI0 3 , though good in lattice matching 
and of reasonable dielectric properties, is heavily twinned and goes through a 
ferroelastic phase transition at -435 0 C. 12 These macroscopic defects in the crystals 
are not tolerable in substrates used for complex microcircuits. 

4.1.1 Ba(Mg 1/3 Ta 2O )0 3 (BMT) 

Ceramics of complex perovskite oxides A(B1 1/3 B2 2/3 )0 3 type have been explored 
previously as the candidate materials with excellent microwave dielectric properties. 13 
Ba(Mg 1/3 Ta 2/3 )0 3 (BMT), in particular, was reported to have a dielectric constant k~25 
and dielectric Q~16,800 (one of the highest in the oxide family) at 10.5 GHz, in 
samples with 1 mol% Mn additive as a sintering aid. 14 BMT compound is one of the 
most refractory oxides known thus the growth of single crystals is difficult. A single 
crystal of BMT was grown from a BaF 2 flux. It yielded a significantly higher dielectric 
constant (-200), 15 presumably attributable to the flux contamination. 

BMT single crystal fibers were grown successfully using our LHPG technique. It grows 
congruently from the melt in the temperature range of 2900-3100°C. A high 
temperature phase of simple cubic perovskite was obtained at room temperature, in 
comparison to the hexagonal ordered perovskite structure usually obtained in 
ceramics. Dielectric properties of both the ceramic and the single crystal BMT were 
studied. BMT ceramic samples have ultra low dielectric loss (<1x10 5 at 90K and 
10kHz) and good thermal compatibility (a - 9.0x1 O^rC) with the YBCO 
superconductors. The single crystal BMT has a cubic lattice parameter a=4.0877A. 

The dielectric constant increases and saturates as the bulk density approaches the 
theoretical density. Dielectric loss reduces with the enhancement of the ordering of the 
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B-site. Single crystals of high temperature disordered cubic form preserve a moderate 
dielectric constant (26.0 at 10GHz) and low dielectric loss tan5 (2.78x10- 4 at room 
temperature and 10kHz and <10- 5 at 90K) that make this material unique for microwave 
device applications. 

The BMT lattice parameter of a=4.0877A, represents a lattice mismatch of 5.3% to the 
b-axis of YBCO (b=3.883A); this seems less ideal as a substrate for YBCO. However, 
there has been no clear cut-off for lattice parameter matches for "epitaxial" (or highly 
oriented) film deposition of YBCO. "Epitaxial" YBCO thin films on MgO single crystals 
(with mismatch of 8.5%) have been reported. 16 A BMT single crystal has a twin-free 
cubic perovskite structure that is advantageous as a substrate compared to some of 
the heavily twinned substrates, e.g., LaAI0 3 and NdAI0 3 . High temperature BMT single 
crystal grown by LHPG is twin free, of moderate dielectric constant, low dielectric loss, 
and good thermal expansion matching and is therefore identified to be a potentially 
suitable substrate for the HTSC thin film deposition. 

Additional details are to be found in Appendix 4. 

4.1.2 Sr(AI 1/2 Ta 1/2 )0 3 (SAT) and Sr(AI 1/2 Nb 1/2 )0 3 (SAN) 

The compounds of Sr(Al 1/2 Ta 1/2 )0 3 (SAT) and Sr(AI I/2 Nb]/2)0 3 (SAN) were first prepared 
and tested to learn their crystallographic phases and melting behavior by the group at 
the AT & T Bell Labs. 17 Ceramic samples were identified to have double cell cubic 
perovskite structure with a=7.795A and melting temperatures of 1900°C and 1790°C 
for SAT and SAN, respectively. On the basis of our understandings of the crystal 
chemistry-dielectric property relation of various oxide perovskites, and the reports by 
the Bell Labs group that showed both the SAN and SAT melt congruently and produce 
a single phase of the perovskite structure after melting, we selected the SAT and SAN 
as primary candidates in the A(B1 1/2 B2 1/2 )0 3 complex oxide perovskite family for crystal 
growth and to investigate their properties in relation to substrate applications. 

Sr(Al 1/2 Ta 1/2 )0 3 (SAT) and Sr(Al 1/2 Nbi/2)0 3 (SAN) are grown using the LHPG growth 
technique. Their crystallographic structures are found to be simple cubic perovskite 
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with lattice parameters a=3.8952A (SAT) and a=3.8995A (SAN) that are of close lattice 
matching to the YBCO superconductors. No structural phase transitions or twins have 
been found and the average coefficients of the thermal expansion are in good 
matching with the YBCO superconductor materials. SAT currently represents one of 
the best potential HTSC substrate materials for microwave applications. The unique 
feature of this material is that it has desired dielectric properties (dielectric k-12 , loss 
factor tanSdO- 4 ) at the microwave frequencies with twin-free lattice and good thermal 
expansion matching along with chemical compatibility with the YBCO superconductors. 

Our experimental results on the SAT composition along with the earlier report on the 
congruent melting nature of the SAT and SAN compounds, have stimulated research 
works in the thin film area. MOCVD-derived SAT films grown at 850°C on LaAI0 3 were 
found to have exclusively (001) growth with in-plane orientation. 18 Using SAT 
polycrystalline materials as targets in a pulsed laser deposition process, Findikoglu et 
at 19 20 have reported high quality epitaxial (c-axis orientation) growth of thin films of 
SAT and multilayers of YBCO/SAT on (001) LaAI0 3 and MgO substrates. Dielectric 
constants of the SAT films (~100-390nm thick), however, were reported to be -23-30, 
notably higher than the value (k~12) found in bulk ceramic materials. The deviations 
from perfect cation stoichiometry in films may be one of the causes for the discrepancy 
in value of the dielectric constants as the Al/Ta ratio in SAT films was found to be -0.8 
rather than the stoichiometric ratio of unity. 12 ,3 No dielectric loss data has been 
reported for the SAT films therefore direct comparison between the dielectric constants 
of the film and that of the bulk SAT sample is not intended. 

Additional details are provided in Appendix 5. 

4.2 Solid Solution of Ternary and Complex Perovskite Oxides 
Further modification of the SAN and SAT compositions has been carried out to fine 
tune their properties, particularly reducing their melting temperatures (SAT: 
1900~(1908±25), and SAN:1790~(1739±10)) 17 21 for easier fabrication of the crystals 
and better control of the reduction problem of the Nb 5+ and Ta 5+ . This modification was 
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also an attempt to overcome the twinning problem and to stabilize the cubic base at 
room temperature in LaAI0 3 crystals. 

LaAI0 3 has a rhombohedrally distorted perovskite (A 3+ B 3+ 0 3 type) structure. Although 
the La 3+ ion generally prefers the 12-coordination-site, it has a tendency for 
9-coordination. The distortion in the LaO n polyhedron is brought about by a slight 
displacement of the oxygen atoms away from the ideal positions of the cubic 
perovskite-form, that is more clearly shown in other [rear-earth] 3+ AI0 3 family members 
when the A-site cation radii become even smaller, e.g., in the case of PrAIO-,. 22 23 In 
fact, no ideal cubic perovskite structure but the rhombohedral [LaAI0 3 ] and the 
orthorhombic [GdFe0 3 ] structure have been reported in ternary compounds of the 
[A] 3+ [B] 3+ 0 3 type. 24 For aluminate compounds, rhombohedral symmetry is found when 
A-site is occupied by the largest A 3+ cation, La 3+ , and other [A] 3+ [AI] 3+ 0 3 compounds 
have even lower symmetry. 

Our approach following this direction was to introduce "balanced" cation substitution 
simultaneously in the A- and B-sites to increase the average cation size at the A-site, 
hence to stabilize the 12-coordination of that position and consequently the cubic 
perovskite structure. The solid solution of ternary LaAI0 3 and complex oxides of 
Sr(Al 1/2 Ta 1 / 2 )0 3 or Sr(Al 1/2 Nb 1/2 )0 3 was chosen for investigation. 

Single crystal fibers of modified strontium aluminum tantalum oxide 
(1-x)Sr(Al 1/2 Ta 1/2 )0 3 :xLaAI0 3 (SAT:LA) and (1-x)Sr(Al 1/2 Ta I/2 )0 3 :xNdGa0 3 (SAT.NG), 
and modified strontium aluminum niobium oxide (l-xJSKAI^Nb^OsixNdGaO-, 
(SAN:NG) and (l-xJSrfAI^Nb^O^xLaAIOs (SAN:LA) were grown using a laser heated 
molten zone growth technique. 25 0.7SAT:0.3LA grows congruently and remains twin 
free simple cubic perovskite structure (as the SAT) when cooled down to room 
temperature. 0.7SAT:0.3LA crystals have moderate dielectric constant (k=21.7) and 
low dielectric loss (tan8=7.5x10 5 ) at 10 kHz and 90K. The reduction problem of Ta 5 * is 
eliminated (which is common in the case of SAT growth). 0.7SAT:0.3NG and 
0.7SAN:0.3NG have lower melting temperatures and crystal growth is easier. NdGa0 3 
addition to the SAT and SAN enhances the potential of SAT and SAN as large area 
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substrates for HTSC growth. However, the dielectric constants increased from k~12 to 
k~16 (0.7SAT:0.3NG) and from k~18 to k~23 (0.7SAN:0.3NG) as a result of NdGaO, 
incorporation. 

The ideal cubic perovskite structure can be stabilized in the case of ternary LaAI0 3 by 
forming a crystalline solution composition with cubic Sr(Al 1/2 Ta 1/2 )0 3 and 
Sr(AI I/2 Nb 1/2 )0 3 . The mechanism of this type of stabilization is through introducing the 
compensated cation substitution in the form of [2La 3+ ]+[AI 3+ ] -> [2A 2+ ]+[B 5+ ] with the A 2+ 
cation having a radius larger than that of La 3+ and therefore stabilizing the 
12-coordinated A-site. Crystalline solutions of SAT-LA maintained or improved most of 
the dielectric and thermal properties of LaAI0 3 and gained the advantage of forming a 
twin-free simple cubic structure and improved lattice compatibility. NdGa0 3 is shown 
to be an effective end member to decrease the melting temperature of SAN and SAT 
without disturbing their simple cubic (twin-free) crystal structure. Dielectric constants 
of SAN and SAT with addition of the NdGa0 3 were increased; however, the dielectric 
loss factor still remained less than 5x1 (H The results suggesting that SAT-LA and 
SAN-LA are better candidates as substrate materials than LaAI0 3 because the latter is 
intrinsically twinned. The growth of SAT-NG and SAN-NG are comparatively 
convenient as they have relatively low melting temperatures together with the relatively 
lower dielectric constants and the ideal lattice constants and thermal compatibility with 
the YBCO superconducting materials. 

The property parameters of the newly proposed substrate materials of oxide perovskite 
family are summarized in Table II. LaAI0 3 and NdGa0 3 are also listed for comparison. 

Further details can be found in Appendix 9. 

4.3 Other Famiues 

Works were extended to other substrate candidates such as La(Mg 2 / 3 Ta, /3 )0 3 , 26 
La(Mg I/2 Ti,/2)0 3 (Appendix 10), 27 (Ca,Sr)(Ga,Nb)0 3 (Appendix II) 28 and a family of 
materials of the magnetoplumbite structures, 29 spinel, gahlinite families, and the 
fluoride perovskites. It is essential to first prepare high quality ceramics of these 
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compositions, then to use the LHPG technique to produce single crystal for detailed 
dielectric, thermal expansion, lattice parameter and optical studies. These crystals, 
particularly the fluorides and magnetoplumbites and their associated solid solutions 
provide several new options for ultra low loss, low permittivity, and twin free structures. 

Dielectric properties, melting temperatures, and thermal expansion properties a large 
family of new candidate substrate materials are summarized in Tables III, IV, and V. 

Further investigation in these families is in progress under the new ARPA grant. 


TABLE II. Properties of Some Newly Proposed Oxide Perovskite Substrate Materials 


Compo¬ 

sition 

symmetry 

Lattice 

Constant 

(A) 

K 

10kHz 

90K 

tanS 

10kHz 

90K 

a 

(x10>C) 

(@~300K) 

Melting 

Point (°C) * 

BMT 

Cubic 

4.0877 

25.9 

<10- 5 

9.0 

(>2800) 

(crystal) 







SAT 

Cubic 

3.8952 

11.8 

4.2x10-5 

9.7 

1908±25 

SAN 

Cubic 

3.8995 

18.7 

2 .2x10^ 

8.5 

1739±10 

SAT-LA 

Cubic 

3.8727 

21.7 

7.5x10-5 

7.7 

1830±22 

SAN-LA 

Cubic 

3.8634 

25.7 

2 .8x10- 4 

9.5 

1705+20 

SAT-NG 

Cubic 

3.8866 

16.0 

4.3x10* 4 

8.8 

1767±31 

SAN-NG 

Cubic 

3.8790 

23.0 

5.2x10- 4 

10.8 

1582±20 

LaAI0 3 

Rhomb. 

a=3.789 

23 

7.5x10-5 

8 .2//[ll0] 

2040±9 

(crystal) 


a=90.12° 



6.4//[001] 


NdGa0 3 

Ortho. 

a=5.426 

23 

3.2x10- 4 


1484±24 

(crystal) 


b=5.502 

(77K, 10GHz) 





c=7.706 
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Table m. DIELECTRIC PROPERTIES OF POTENTIAL SUBSTRATES 
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YBa2Al2Ta09 11.2 8.33x10-4 

KMgF3 5.8 1.65x10-4 




Table IV. MELTING TEMPERATURES OF POTENTIAL SUBSTRATES 
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Table V COEFFICIENTS OF THERMAL EXPANSION 
MEASURED BY DILATOMETRY TECHNIQUE (RT-800°C) 

(* denotes literature value) 
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5. SYSTEMATIC SEARCH FOR CANDIDATE SUBSTRATES 


5.1 Clarification: Oriented Growth or Epitaxy 

It is obvious from earlier studies, and from the widespread use of "buffer layers" that 
simple epitaxy does not explain the widespread occurrence of highly oriented films. 

We believe that a key problem is to establish the proper links between crystallography, 
ionic groupings in surfaces and the details of the deposition process which control their 
oriented overgrowths. For the superconductor quality what matters is the quality of the 
HTSC film, not what it is sitting on. This quality can be quantified in four steps, the first 
three describing the degree of orientation in none (random-orientation), one (growth 
direction), or two (in film plane) crystallographic directions. The fourth is the degree of 
continuity of the film or absence of grain boundaries (i.e., a 100% perfectly oriented set 
of separated islands with grain boundaries will clearly be considerably poorer than a 
continuous (single) phase). 

We proposed that instead of the term "epitaxial" one should focus only on the degree 
of orientation and continuity of the "oriented film." The phase immediately contiguous 
to the film should be designated true substrate. (The so-called buffer layers are the 
substrates.) Any phase below such a substrate ("buffer layer") is structurally and 
chemically insignificant (to the YBCO growth), although it may be necessary to obtain 
the oriented "buffer layer." Such phase should be designated as carriers, not 
substrates. 

Discussions on the approaches to be adapted are provided in Appendix 1. 

5.2 Surface Crystallographic Compatibility of Substrates 

During our ongoing search for microwave device and integrated circuit substrates for 
HTSC thin films, it became increasingly clear to us that the demand on the substrates 
to have a close "lattice match" was in many cases more misleading than appropriate. 
Highly oriented polycrystalline YBCO films (sometimes epitaxial films) have been 
reportedly deposited on a wide variety of substrates of various symmetries and 
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structural families, using various deposition techniques. In many cases there involved 
"misfits" considerably exceeding 15% and often occurred on non-crystalline phases. 

To gain further insight on the crystallographic interactions of the film and substrate, we 
felt that there was a need to look into the relation with the substrate structure one step 
beyond the level of lattice symmetry and structural parameters. The sub-level of a 
structure that can be precisely quantified are the interatomic distances between the 
anions (mainly oxygen) and cations and between the anions distributed in the 
structure. In other words our argument was that any similarity in the periodicity in any 
lattice planes in the electrostatic charge pattern in any lattice planes in these ionic 
structure may be significant. 

Taking advantages of an available database on the crystallographic structures in our 
preliminary study, we have examined large number of substrate materials in 
comparison to the ionic structure of the YBCO. This first approach was from purely the 
crystallographic point of view without relating to possible chemical interactions (or 
temperature effects) that may in many cases govern the growth of the film. 

The case study on a commonly used buffer layer Ce0 2 revealed that not only the 
bonding length but also the bonding angles on and immediately beneath the contacting 
surface could be vital for the epitaxial relations found in the buffer-YBCO system. Our 
investigation also indicated the possible relation of the film orientation with the 
chemical balance at the nucleation stage. 

Complete details on the correlation of surface crystallographic structures with the 
YBCO are presented in Appendix 2. 

5.3 Ion Polarizability Additivity Model: Dielectric Constants Prediction 
Recently, Shannon 30 has derived a set of 61 ion dielectric polarizabilities from a least 
square refinement procedure using the ion additivity rule and calculated dielectric 
constants for about a hundred compounds in conjunction with the Clausius-Mosotti 
equation. Excellent agreement between the polarizability values calculated and those 
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experimentally measured was shown for many ternary systems including borates, 
aluminates, gallates, silicates, germanates, phosphates, and vanadates. 

It is of great interest for us to apply the ion polarizability additivity rule to the family of 
substrate or potential substrate materials. We have gathered fair amount of dielectric 
and structural data that were previously unavailable. It is specially interesting to 
examine if Shannon's model and the ion polarizability data can be used to predict the 
dielectric constant of new materials and to identify the "abnormal" behavior in a 
material if present. Comparison of calculated and experimental dielectric constants 
using the ion polarizability additivity rule can be found in Appendix 3. We found that 
good agreements are usually seen in cases of substances containing cations having 
high valence and small sizes, while large discrepancies are common in ternary 
systems that involve large cations in high coordination sites. Poor agreements are also 
apparent in materials contains cP ions (Nb, Ta) such as Ba(Mgi/ 3 Ta 2 / 3 )C> 3 , 
Sr(Alo.sTao. 5 ) 03 , and Sr(Alo. 5 Nbo. 5)03 and cations of rare-earth family such as 
LaAI03 and LaGa03. 

The work has already been undertaken to improve the fit to experimental values by 
taking account of the apparent bonding valence and its correlation to bonding distance 
in providing a normalized ionic polarizability in a given structural configuration. The 
method is applicable to oxides, fluorides and oxyfluorides and will provide a base for 
the selection of new compositions for further study. This modification approach 
improved the accuracy of dielectric constant prediction significantly particularly for 
compounds containing cP elements, alkali earth elements and rare-earth elements. 

6. COLLABORATION AMONG ARPA PROJECTS 

A simplified block diagram of the linkages which has been established from the Penn 
State Program is outlined in Fig. 1. Work addressing bulk single crystal growth has 
been in close cooperation with Dr. R. R. Neurgaonkar and his team at the Rockwell 
International Science Center. The laboratory has worked effectively with Rockwell for 
more than 25 years and communication is excellent. For the film studies we are 
establishing similar cooperation with The Ceramic Processing Research Laboratory 
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PENN STATE SUBSTRATE PROGRAM AND 
ACTIVE INTERACTIONS WITH OTHER ARPA PROGRAMS 














group at MIT (Cima, Sonnenberg, Chang, Ng, McIntyre, Ressler) particularly for 
orientation and interfacial studies, and with the Berkeley group (R. Russo), 
Northwestern (Tobin Marks), and Arkansas University (Greg Salamo) for new 
composition studies in film form. 

7. FUTURE DIRECTIONS 

New requirements which have emerged during this contract period are concerned with 
the potential application of YBCO superconductor to the development of ultra high 
density interconnect systems for a new generation of high speed high density muitichip 
modules. The potential application of YBCO superconductor to the development of 
ultra high density interconnect systems for a new generation of high speed high density 
multichip modules dictates new requirements for the substrate design. An essential 
feature is the geometry of the X and Y layers of HTSC lines that must have geometries 
in cross section of order 2 x 1 p meters thus necessitating a current carrying capability 
for the HTSC of ~10 6 A/cm 2 . For this current capability clearly the YBCO must be 
highly grain oriented very near to single crystal, so that the whole multilayer structure is 
in the form of very highly oriented overgrowths on a single crystal substrate. 

Impedance characteristics for the interconnect structure dictate that the dielectrics used 
must be of low permittivity (ideally <10) if the geometry is to be preserved. Highly 
oriented thin films (2 pm or above) will be needed for the separation of strip line and 
ground plane structures. Dielectric loss requirements are a little less stringent than 
those required for the microwave applications; however, tanS < 0.001 is highly 
desirable at the 77K working temperature. 

Our future approach will concentrate on meeting these goals. We will improve and 
revise Shannon's model to take into account the apparent bond valence and its 
correlation to the bonding distance to derive the "universal" or "normalized" ionic 
polarizability and compare with the experimentally measured values. Potential 
dielectric substrate materials can be enlisted. These materials then will be tried for the 
single crystal growth feasibility study. In our new upgraded LHPG facilities (with CO 2 
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laser power upto 150W), we should be able to grow the materials (fiber shape) in 
diameters ranging from a few hundred micrometers to several mm (bulk crystal). 

Further development of the surface crystallographic correlation of substrates with 
HTSC is also intended. Two dimensional relations taking into considerations on both 
the bonding distances and the bonding angles will be studied in detail for oriented 
overgrowth. 

Films of potential substrates will be tested by using laser ablation to optimize the 
growth parameters, to study the dielectric properties of the films, the effect of 
annealing, thermal cycling, interfacial and oxygen diffusion. 

We intend to keep active interaction and close collaboration with other elements of 
ARPA programs and continue to maintain strong standing as a knowledge base in 
substrate materials science and technology. 
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“Oriented film growth,” not “epitaxy” in HTSC film growth 
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A survey of the literature reveals that the following materials have been used as the substrates for 
"epitaxial" deposition of YBCO high T c superconducting (HTSC) thin films: SrTiO,. ZrO, (or 
YSZ), MgO. LaAl0 3 . Si and Af,0 3 (with or without buffer layers), SiOj. Pt. MgAUO*, even 
noncrystalline substrates. An analysis of the structurai relations between the substrate and HTSC 
phase is presented. It is obvious that the term “epitaxy " is misapplied in many of these cases. We 
analyze the evidence for actual crystal structural control from the substrate influencing the oriented 
growth of the desired phase and find it nonexistent in many cases, very weak in others, and 
persuasive in a few cases. For the superconductor quality what matters is the quality of the HTSC 
film, not what it is sitting on. This quality can be quantified in four steps, the first three describing 
the degree of orientation in none (random-orientation), one (growth direction), or two (in film planei 
crystallographic directions. The fourth is the degree of continuity of the film or absence of grain 
boundaries i i.e.. a 100% perfectly oriented set of separated islands with grain boundaries will clearly 
be considerably poorer than a continuous (single) phase). We propose that instead of the term 
epitaxial one should focus only on the degree of orientation and continuity of the “oriented film.' 
The phase immediately contiguous to the film (including many so-called buffer layers) should be 
designated substrate. Any phase below such a substrate is structurally and chemically insignificant 
(to the YBCO growth), although it may be necessary to obtain the oriented “buffer layer." Such 
phases should be designated as earners, not substrates. 


I. INTRODUCTION 

Due to the high anisotropy of the high T c superconducting 
materials and the very shon coherence length, randomly ori¬ 
ented polycrystalline samples have very low critical current 
densities at 77 K and behave even worse when an external 
magnetic field is applied. 1 In contrast, current densities as 
high as 10 6 A/cnr have been reported in textured thin films 
that also appeared to a large extent less sensitive to the mag- 
etic fields.' A high quality epitaxial high-7" f superconduct¬ 
ing (HTSC) film is the mid- or long range goal to realize 
various device applications, particularly in electronic integra¬ 
tion package applications. Excellent properties, such as high 
J c . high T c , less magnetic field dependence, support without 
detenorauon of the further steps in device fabrication process 
or patterning, and minimal degradation over time and ther¬ 
mal cycle, are likely to be maximized in single crystal films 
however realized. Therefore a worldwide competition among 
numerous groups has appeared for controlling the growth of 
high-quality thin films, using the whole variety of available 
deposition techniques. 3 High critical current (tensity in “tex¬ 
tured” films (i.e.. having one crystallographic axis normal to 
the substrate plane) or. better, in “epitaxial” films (i.e., hav¬ 
ing their three crystallographic axes related to those of a 
single crystal substrate) have been obtained. Since the selec¬ 
tion of useful substrate materials is clearly of foremost im¬ 
portance in the case of epitaxial growth, the group at the 
Pennsylvania State University is currently active in searching 
’ >t ideal substrate materials for epitaxial growth of HTSC 
films for microwave applications, with the financial support 
from Defense Advanced Research Projects Agency 
(DARPA). 

Through a survey of the Chemical Abstracts database 
(from 1987 to August. 1993). we have found a total of 1631 


articles including patent applications in the literature describ¬ 
ing researches on HTSC films in conjunction with substrate 
materials. Our particular interests were drawn to the pool of 
270 publications in which “epitaxy” (or epitaxial” HTSC 
film(s) on specific “substratets)” were specified in the title, 
the key words, or the abstract. We found that a rather large 
“array” of substrates, listed in Table I. had been used alleg¬ 
edly for epitaxial growth of the HTSC films. However, in 
most of the cases the term epitaxy appeared to us to have 
been far too loosely used without adequate experimental evi¬ 
dence. In this article, we attempt to improve the terminology 
in use. 

II. TERMINOLOGICAL CONSIDERATIONS 

The term epitaxy does not appear in the index of any of 
the dozen best known textbooks of crystal physics or crystal 
chemistry. Since the term was introduced by Royer. 4 it has 
endured among the small community of crystal growers to 
mean (loosely) control of the orientation of a growing phase 
by the crystal structure of a preexisting solid substrate. One 
outstanding example of genuine ideal epitaxy in modern 
solid state technology, in the growth of ferrimagnetic garnets 
by liquid phase epitaxy (LPE). is from a melt using a para¬ 
magnetic garnet structure substrate. Here the term epitaxy is 
universally validated. The garnet structure of the substrate 
determines the structure and orientation and perfection of the 
magnetic phase. Of even more general significance is the 
epitaxial seeding of every single Czochralski pulled crystal. 
Some hundreds of tons of single crystal quartz are grown 
homoepitaxially on to onented single crystal wafers. In the 
semiconductor world, vapor phase epitaxy of diamond struc¬ 
tured phases of varying compositions on to diamond struc¬ 
tured substrates of similar composition is universally recog¬ 
nized. 
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Table I. Survev result of "«puaxv HTSC films on various substrates" 
(1987-August 1993). 


Number oi publications found 

Substrates specified 

too) 270 

Epitaxy HTSC film on substrates 

17 

with buffer layer 

69 

SrTiO, 

47 

ZrOj or YSZ 

57 

MgO 

45 

LaAJO, 

35 

Si 

30 

Al-O, 

6 

M(A1j0 4 

3 

SiO, 

3 

Amorphous 

1 

Pi 


When the compositions of the two phases (host and grow¬ 
ing phase) are different (albeit sometimes very slightly so), 
the term heteroepitaxy has come into general use. Thus also 
for example GaAs may be grown heteroepitaxially on Si: 
identical crystal orientation but chemically different But as 
Fang and Roy' pointed out m some cases clearly epitaxial 
crystals may also be grown when there is little or no resem¬ 
blance m the bulk crystal structure. Thus Buckley's classic 
case of growing NH 4 l crystals on a mica substrate from 
aqueous solution are “hetero” concerning both composition 
and structure. Two explanations accepted for this have been 
that the K’-K~ spacing in the 0001 mica structure are very 
close to the (NH 4 ) + -(NH 4 r spacing in NH 4 I. Obviously 
whatever structural control is exercised on the mica sub¬ 
strate. it can only be from the surface. No three-dimensional 
crystal structural affinities of any kind exist between the bulk 
crystal structures of mica and NH 4 1. "Epi” means surface 
and etymologically one need not imply any control other 
than between the two surfaces. 

Since the advent of semiconductor technology and the 
need to grow crystallographically onented films on other 
even noncrystalline substrates the definition of epitaxy has 
become fuzzier and fuzzier. Givargizov 6 in a book devoted to 
the subject of epitaxial growth of crystalline semiconductors 
on amorphous substrates, which may at first appear to be an 
oxymoron, summarizes the enormously wide range of mean¬ 
ings that have become attached to the term (see Ref. 6. pp. 8. 
9). He notes that 3700 epitaxial system pairs are to be found 
in the 1970 Landolt-Bomstem. He lists six radically differ¬ 
ent "ideas and manifestauons of epitaxy” and comments 
that: "These regularities in epitaxy being empirical in ongin 
are based mainly on ideas of geometric correspondence on 
the atomic scale. However many experimental facts in the 
field of epitaxy cannot be explained in terms of these ideas. ” 
His own book is largely concerned with the huge literature 
on graphoepuaxy on glassy substrates that could fit no 
chemical or crystallographic control whatever. 

A useful summary of traditional structure mediated con¬ 
trol is found in Ref. 7. A great deal of the literature is con¬ 
cerned with the detailed, often mathematical models of 
mechanism of nucleation of the very first few atoms, islands, 
linear chains (Frank and van de Merwe*). As Venables and 
Price note in Chap. 4 of the Matthews compilation 7 in refer¬ 


ring to the applicability of the Stranski-Krastanov (2D and 
3D combination 9 ): “...there are many unknown features and 
a quantitative theory has not been given. In particular it is 
unknown whether nucleation processes within or on top of 
die first few layers determine the observed structures or 
whether they are homogeneous or defect-induced.” They go 
on “Little has been done toward a quantitative theory of 
nucleation at defect sites. ...the variety of possible influences 
is so vast that a comprehensive treatment would be virtually 
useless." 

This article has a much more limited and modest objec¬ 
tive. We attempt herein merely to clarify the net qualitative 
structural relationships of the deposited bulk (10 nm-10 fim) 
film to the bulk structure of the nearest neighbor substrate. 
We do not address the difficult and much studied issues of 
nucleation of the first few atoms or clusters with <10 nm of 
the interfaces. 

III. CLASSIFICATION OF FILM PERFECTION 

It is known that oxide films have a greater propensity for 
textured growth than those of semiconductors and metals. 
This may be understood in terms of the strong and direc¬ 
tional bonds which oxides make in contrast to covalent or 
metallic bonds. Hartman and Perdok 10 long ago showed that 
the morphology of a growing crystal is governed by chains 
of strong bonds running through the structure. The YBCO 
film exhibits a strong tendency to orient itself with the c-axis 
perpendicular to the substrate surface (strong bonds within 
the plane, weak between planes gives rise to large growth 
anisotropy), which results in the piaty structure of this mate¬ 
rial. The growth rate within the a-b plane has been observed 
to be ten times higher than along the c direction." Thus even 
on any surface, noncrystalline and polycrystalline substrates, 
a preferred orientation of the c axis perpendicular to the 
substrate has been observed. 12 A sharp fall off in the critical 
current was reported for high gram boundary mismatches in 
the a-b plane of YBCO thin films tangles >10). IJ while 
textured films with in plane a- and b -axes controls have been 
reported to have high current density (7 r ~6x 10 5 A/cm : . 
Ref. 14 and y c ~4.3Xl0 5 A/cm ; . Ref. 15 at 77 K). 

To characterize the HTSC properties the information con¬ 
cerning how well oriented the crystallites are with respect to 
each other is needed. Classification of the perfection of films, 
we propose, should quantify this degree of orientation. It 
could consist of four steps. The schematic (simplified) defi¬ 
nition of each step is illustrated in Fig. 1. Substrates are 
defined as the solid immediately underneath the deposited 
film. The phases may be single crystal isostructural materi¬ 
als. such as SrTiOi or LaAICh. They could include the so- 
called buffer layers such as CeO : . MgO. and YSZ (whenever 
used as "buffer") Crystalline materials supporting a buffer 
layer but neither structurally nor chemically essential to the 
film growth are defined to be earners. Thus the Si or ALOj 
wafers used on which the substrate (buffer) layers are ap¬ 
plied should be called carriers. Such earner matenais may be 
necessary to allow onented films of the substrate layer to be 
formed and contnbute to the dielectnc properties of the in¬ 
tegrated module. However, the earner phase does not play 
any direct role in the onentauon of the film. A simple single 
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Fig. I. Illusinuon or the him classification on basis of orientation and perfection. 


layer YBCO unit is shown in the drawings to illustrate the 
crystallographic relation with the substrate. The substrate 
shown in Fig. I is assumed to be an ideal crystalline single 
crystal substrate with its (001) plane facilitating the deposi¬ 
tion of the film. Films in cases (I). (II). and (III) are all 
poiycrystalline. In Ftg. 1 case (I) only randomly oriented (in 
all directions) assemblies are found in the films. In case (II) 
ve find strong orientation in one dimension t along the film 
deposition direction). There is no crystalline orientation or 
correlation within the plane of growth in association with the 
substrate. Modest misalignment along the growth direction is 
also shown in this case as is often found in real films. Films 
of case (II) may be viewed as having (veTy) high angle gram 
boundaries that cause drastic degradation of the critical cur¬ 
rent. Films of case (HI) are still polycrystalline. Although the 
individual grains are very well oriented in both the c and the 
u. b directions, they are not connected in the plane. Case 
1 IV) is ideal case of (perfect) single crystal f-'-n having full 
in plane alignment together with the formation of a continu¬ 
ous film throughout large areas. The difference between the 
films of case (III) and case (IV) is very significant in their 
superconducting properties even though they both have ex¬ 
cellent in-plane and out-of-plane orientations. Polycrystalline 
films (case HI) may have considerably higher tolerance for 
lattice mismatch than single crystal films (case IV) because 
of the buildup of mismatch over several unit ceils. Films of 
case (III) may also contain mosaic and diverse growth re¬ 
gions and various defects such as cracks, voids, tunnels, 
growth twins, antiphase boundaries, ferroic twins, steps, and 
phase or composition deviations. Steps (as shifted fractions 
of the structural repeat unit) in the c direction and the a or b 
directions due to nucieations at different contact sections of 


the unit cell. 16 are also illustrated in the drawing of case (III). 
Fig. 1. In contrast to this categorization, in the current litera¬ 
ture many such oriented films have been ambiguously cat¬ 
egorized as epitaxial films. 

IV. FILM QUALITY CHARACTERIZATION 

Characterization of the film qualities requires various 
techniques. X-ray (or electron) diffraction is adequate for 
determining the crystallographic orientation within the film. 
Randomly oriented films and the one dimensionally oriented 
films can be distinguished easily in a powder pattern and the 
orientation direction can be semiquantitativeiy characterized. 
Rocking curves are useful to quandfy (by detailed compari¬ 
son of the intensity among diffraction peaks) the level of the 
one dimensional orientation. Scanning electron microscopy 
(SEM) is essential to get a gross picture and large angle grain 
boundaries in the assemblage of crystallites and the continu¬ 
ity or island structure of the film. Images of the electron 
channeling patterns of the crystallographic microstructure of 
the film also obtained by SEM can be used to provide more 
detailed information on orientation relative to the incident 
beam and to view the high and low angle grain boundaries. 
The crystallographic information available in the SEM elec¬ 
tron channeling pattern is analogous to that which can be 
obtained by x-ray diffraction of solid specimens with the 
advantage of the simultaneous combination of imaging and 
orientation information. 

Rims of case (II), one dimensionally oriented, and case 
(III), with in-piane two dimensional orientations added, are. 
in fact, indistinguishable from standard x-ray diffraction 
(XRD) data alone, using the Bragg-Brentano usual configu- 
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ration. To provide additional information about the crystal 
orientation in its plane parallel to the substrate surface, re¬ 
flection high energy electron diffraction (RHEED), Ruther¬ 
ford backscatteruig spectroscopy (RBS) channeling, pole fig¬ 
ures. Seeman-Bohlin XRD configurations are required. It 
has been reported that the use of a standard Weissenberg 
camera is an efficient fast inexpensive, nondestructive, and 
easy to use method to study the film orientation in its plane. 17 
In oscillating photographs, a case (II) film will show diffrac¬ 
tion rings, in addition to the reflection spots that indicate a 
strong c-axis orientation. In contrast well-defined spots with 
full alignment of the a- and h-crystal directions of the 
YBCO unit cell with the unit cell axes of the substrates are to 
be expected for a case (m) film. The diffraction spots of the 
film are not broadened when compared to those of the single 
crystal substrate when the possible m isali g nments are kept 
within a fraction of degree. Quantitatively, the a- and b- 
lattice constants can be calculated using the inter-row dis¬ 
tance. Transmission electron microscope (TEM) or high 
resolution transmission electron microscope (HRTEM) does 
not serve the purpose of identifying the in-plane orientation 
well. TEM is most useful for detailed observations of cross 
sections of the film and the substrate to estimate the degree 
of epitaxy. A helpful indicator is the FWHM of the rocking 
curve. Case (III) films (two dimensionally oriented in growth 
plane and along the growth directions) give the narrowest 
peaks in XRD (in the order of minutes to seconds of arc). 
Studying the rocking curves corresponding to the various 
hkl diffracuon may even reflect the quality of the film at 
various depth thicknesses from the surfaces. In a true three- 
dimensional film. FWHM for various hkl should correspond 
to the theoretical calculated values. 

All the above techniques used to identify the case (III) 
film is of course essential for establishing that one has a case 
(IV) film. To distinguish between true single crystal film and 
a film formed from a mosaic of small, perfectly aligned 
single crystals, either optical microscopy or electromagnetic 
spectroscopy is to be applied. TEM needs the destruction of 
the film and could induce some cracks related to interfacial 
strain relief or some related surface modifications during 
specimen preparation, and therefore is not recommended. 
SEM and optical microscopy analysis on films of etched sur¬ 
faces can provide images of the grain distribution and per¬ 
fection of a film. Finally, the superconductor properties (such 
as high critical current density) are themselves the best cor¬ 
relate of film quality, which reflect the degree of continuity 
of orientation m three directions. 

Table II summarizes the film perfection classification and 
the techniques required to adequately characterize the films. 
The suggested techniques are the most commonly used 
tmong other techniques though the classification is clearly 
Afferent from other schemes used in today's literature. 

/. CONCLUDING REMARKS 

Our reconsideration of terminology used to describe 
iTSC films suggests that the term epitaxy be abandoned in 
eneral. since it is usually unproved and in any case of no 
aiue. The film grower is interested in the quality of the film 
roduced. Is it a true single crystal? Or is it highly oriented 


Table D. Classification and characterization techniques for oriented HTSC 
film growth. 


Him classification on basis of orientation 

Cbanctenxaaoo 

technique 

(I) 

XRD 

PolyoyttaUine 

J e mfmgtnent 

Random orientation 

(0) 

XRD 

Poiycryatalline 

SEM channeling 

Ooe dimensional onentanon//(growth dtrerson) 

J e mewMBB 

(No in-piane onentanoo) 

(iro 

Rocking curve 

PolycrystalUne 

Pole figure 

RBS channeling 

Two (or threei in-plane and in growth directions 

Weissenberg camera 

oneatioon 

SEM channeling 

(Not continuous) 

Jr meenuenaem 

(IV) 

(All the above in (10)) 

Single crystal 

Optical microscopy 

Thmo-dtmensional onemanon and continuous film 

SEM 


in two. or (only) in one dimension, or none? That is the 
salient parameter for HTSC properties. We recommend that 
the term substrate (especially epitaxial substrate) always be 
used to designate only the solid phase immediately contigu¬ 
ous to the film. Any solid phase below that should be desig¬ 
nated as the (substrate) earner phase. There is no doubt con¬ 
siderable empirical value in designating which earners 
provide for the creation of particular substrates. The struc¬ 
tural relationship of film to the substrate is of seemly value. 
It is usually unknown. And even the extremely tedious and 
costly cross-section TEM cannot provide any definitive an¬ 
swer on the quality of the large area film, by establishing any 
crystallographic relation between substrate and film. Hence 
our recommendation that die phenomenon being studied be 
called genetically oriented film growth. The film can then be 
categorized successfully as to degree of orientation (in poly- 
crystalline films) in none (random), one, and two dimen¬ 
sions. or as truly single crystal with continuous perfection. 
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A review and some case studies on the interatomic distances of candidate substrates 
in comparison to the high T c superconductor (HTSC) phase YBajCu^O?.* (YBCO) is 
presented, in an attempt to enhance the basis for substrate selection for YBCO him 
epitaxy. This preliminary study was carried out by examining a variety of interatomic 
distances in the structure rather than merely matching the lattice parameters. Interatomic 
structure matching planes of selected YBCO orientations in contact with substrates were 
identified. The surface termination of the substrate was found to be a crucial parameter 
in determining the oriented or epitaxial growth. Possible composition dependence of 
the orientation of the films at the nucleation stage was also anticipated depending 
on the comparison. Several currently most commonly used substrates are discussed 
in some detail. 


I. INTRODUCTION 

There is great interest worldwide in many research 
groups focused on growing high quality thin films of 
high 7V superconductors (HTSC), using a whole variety 
of available deposition techniques. The selection of 
useful substrate materials is of first importance and is 
subjected to a number of constraints such as thermal and 
chemical stability under the conditions used in the film 
process and use. reasonable lattice constant matching, 
thermal compatibility in terms of thermal expansion 
matching over the temperature range of film processing 
and annealing down to the operating temperature (90 K). 
physical properties (for instance, the dielectric constant 
and loss) suitable for specific use. commercial availabil¬ 
ity, and. if possible, low cost. An enormously valuable 
and comprehensive survey of recent experimental work 
has been provided by Perrin and Sergent. 1 

In the general case most such films are referred 
to as “epitaxial films.” It is arguable that this term is 
misapplied in many cases. 2 The understanding of the 
term epitaxy has come a long way. and detailed crys¬ 
tallographic guidelines for successful epitaxy are still to 
be sorted out. At the beginning of this century, without 
the help of x-ray diffraction, scientists knew that epitaxy 
was more likely to occur if the molecular volumes of the 
two intergrowing alkali halides were nearly equal (i.e.. 
low misfit). 3 The discovery of x-ray diffraction made it 
possible to examine the effect of the geometry of crys¬ 
tal structure on the phenomenon. It was found largely 
for growth from liquid solutions that "epitaxy" (oriented 
growth) occurs only when it involves the parallelism 
of two lattice planes that have networks of identical or 
quasi-identical structure and of closely similar spacing. 4 


The experiments indicated that epitaxy occurs only if 
the “misfit" between “lattices" of substrate and growing 
phase is no more than about 15%. 4 This vague belief 
about epitaxy remains prominent to this day. A classic 
introduction to the history of epitaxy was given by 
Pashley. 5 

Since the time of Royer's pioneering work, progress 
in the subject has been dominated by the influence 
of new experimental techniques, including a variety of 
growth techniques (mainly from the vapor, and even 
solid state), and making structural observations on crys¬ 
tals. With the appearance of various electron micro¬ 
scopes. extremely detailed information on the nucleation. 
growth, and structure of oriented crystalline deposits can 
be analyzed in layers of much less than one monolayer. 
The experimental evidence, however, is at total variance 
with the simplistic views on what is demanded of an epi¬ 
taxial substrate. Obviously Barker and Royer's criteria 
are not met by such classic cases of “silicon on sapphire.” 
Highly oriented films of dozens of materials have been 
prepared on noncrystalline glasses. Mysterious “buffer 
layers" are involved between a substrate and epitaxial 
film. There has been little real progress toward the 
understanding of what really determines the occurrence 
of “epitaxy" or more generally oriented overgrowth, 
because of this terminological confusion. 2 In actuality, 
the dominant factor in today’s film deposition field is 
really not the intelligent selection of the substrates, for 
the selection criteria are not clear, it is the availability 
of any single crystal substrates which can be empirically 
tested. Part of our task has been to try to integrate the 
application of crystal chemical principles into the search 
for new substrates. 
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During our ongoing search for microwave device 
and integrated circuit substrates for HTSC thin films, 
it became increasingly clear to us that the demand on 
the substrates to have a close "lattice match” was in 
many cases more misleading than appropriate. Highly 
oriented polycrystalline YBCO films (sometimes epi¬ 
taxial films) have been reportedly deposited on a wide 
variety of substrates of various symmetries and struc¬ 
tural families, using various deposition techniques. In 
many cases the reported growths involved “misfits” 
considerably exceeding 15%' and often occurred on non¬ 
crystalline phases. To gain further insight on the crys¬ 
tallographic interactions of the film and substrate, there 
was a need to look into the relation with the substrate 
structure one step beyond the level of lattice symmetry 
and lattice parameters. The sublevel of a structure that 
can be precisely quantified are the interatomic distances 
between the anions (mainly oxygen) and cations and 
between the anions themselves in the structure. In other 
words our argument was that any similarity in the peri¬ 
odicity in the electrostatic charge pattern in any lattice 
planes of these ionic structures may be significant. 

Taking advantage of an available database on the 
crystallographic structures. large numbers of substrate 
materials have been examined in comparison to the ionic 
structure of the YBCO. This approach is purely from 
the crystallographic point of view without relating to 
possible chemical interactions (or temperature effects) 
that may in many cases govern the growth of the film. 

II. INTERATOMIC DISTANCES: THE DATABASE 

The Inorganic Crystal Structure Database |ICSD).° 
produced by the Fachinformationszentrum-Karlsruhe, 
was used as our major source for the crystallographic 
parameters. This database is a compilation of crystal 
structures of 35005 entries (as of April 1993). Most 
of the structural information used had been tested for 
their reliability level. Besides the symmetry and lattice 
parameters, the interatomic distances between the cor¬ 
responding ions and the angles between ion pairs in 
the structure can be derived using the database. The 
interatomic distances of nearest neighbors, between an 
oxygen ion (or fluorine ion) and a cation and between 
two oxygen ions (or fluorine ions) were obtained. Each 
pair of distances was compared with the interatomic 
distances in the YBCO structure. Because the misfit be¬ 
tween a substrate and the deposited-Iaver requires the 
knowledge of the actual crystal planes involved, the com¬ 
parison was made to various selected cross sections of 
YBCO in the growth orientation under the consideration. 

All the materials chosen for this study were sub¬ 
strates which have been considered for use for HTSC 
film deposition or have been reported as effective sub¬ 
strates tor HTSC thin films. The listed relative differ¬ 


ences of interatomic distances in tables (Tables II. III. 
and IV) were calculated using the equation: 

A f interatomic distance)^ = 

100 X (Dist.subi. ~ Dist.Y8co)/Dist.YBco 

( 1 ) 

A set criterion. |A(interatomic distance)! < 6%. 
was applied for listing in the following tables (Tables II. 
Ill, and IV) to avoid excessively long listings. 

III. THE YBCO STRUCTURE AND INTERATOMIC 
DISTANCES 

The crystallographic structure of the single crys¬ 
tal high T, superconductor YBaiCu»Oi.j (5 ■» 0.3) is 
shown in Fig. 1 with all the atomic positions labeled. 
Several cross sections in the planes of (0.0.1) (at z = 0. 
0.159c. 0.378c. and 0.5c). (1.0.0) (at .v = a and 0.5a). 
(010) (at y = b and 0.55). and (110) (at x — a. y “ b 
and x = 0.5a, y = 0.5 b), where a. b. and c are the lattice 
parameters of the structure, are singled out in particular 
to identify the interatomic spacing that is exposed on 
the surface. Interatomic distances among these atoms 
are presumably crucial for epitaxial overgrowth and 
therefore must be matched. 

Table 1(a) summarizes the interatomic distances 
(oxygen-oxvgen and oxvgen-cation), their appearance 
on the specific surfaces (and the abbreviated identifiers), 
and the corresponding effective lattice parameters when 
a specific growth orientation is considered. Cation-cation 
distances are often equivalent to the lattice edges that 
are reflected in the column of effective lattice parameters 
and are omitted in the calculation. The interatomic 
distances listed in Table 1(a) are used in the calculations 
to compare the differences in a substrate to that in the 
YBCO superconductors. 

Table I( b) lists ail the angles between any two of the 
nearest oxygen ions for any distinct cation in the YBCO 
crystallographic structure, for interatomic distance less 
than 1.2 times the combined radius of the cation and 
the oxygen ion. Because the 0-0 distances in most 
close-packed structures are of similar dimensions, a two- 
dimensional model of the contact surface with the YBCO 
film, not just a one-dimensional model, is needed to 
identify the structure unit on the surface that can act 
as a nucleus for overgrowth. The interatomic distances 
and the angles have to be evaluated in considering the 
potential epitaxy planes. 

IV. SUBSTRATES OF HIGH T c 
SUPERCONDUCTING THIN FILMS 

Tables II. III. and IV present the detailed comparison 
of the interatomic distances between a substrate and the 
YBCO. The fourth and fifth columns list the oxygen- 
oxvgen distances and the oxvgen-cation distances in a 
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YBQg CU3 Og 7 


a * 3.8336 
b * 3.BB2B 



FIG. 1. Crystal structure ot the high T, superconductor YBCO. 


substrate, respectively, with the sixth column showing 
the cations referred to. Values appearing in a row (from 
the 7th to 10th column for oxygen-oxygen distance 
and from the 11th to the 21st column for oxygen- 
cation distance) are the calculated relative differences 
between the substrate (column 4 or column 5 in the 
same row) and the individual distance (as the title of 
the column suggests) in the YBCO. Relative differences 
of interatomic distances which equal or exceed ±6% 
are not listed in the table for the sake of clarity. The 
very last column lists the suggested overgrowth planes in 
YBCO [abbreviated identifiers used as in the Table l(a)J 
in contact with the substrate where the match in inter¬ 
atomic distances is found within a tolerance of ±6%. 
Additional epitaxial planes in contact are also suggested 
(listed in bracket) when the tolerance range is expanded 
to r 15%. 

The orientation of the substrate is not specified in 
Tables 11. III. and IV but can be derived from the 
knowledge ot crystal structure of the substrates using the 


matching requirement for both the interatomic distances 
listed in Table 1(a) and the angles shown in Table 1(b). 
A few examples for such analysis are given in related 
discussions though a comprehensive analysis is the topic 
of a separate publication. 8 

A. Ternary phases with the perovskite structure 

This family of substrates is of the most importance 
as those materials are among the most obvious candi¬ 
dates for epitaxial growth of YBCO films. Substrates of 
perovskite structure usually have the ideal cubic (such as 
SrHOy), double cell cubic (such as BaiYSbO*), hexag- 
onallv distorted pseudo cubic (such as LaAJOO* or other 
pseudo cubic cells (such as NdGaO? that has the GdFeOj 
structure with orthorhombic symmetry). Some of the 
fluoride perovskites are also listed together with the ox¬ 
ides as they have lower dielectric constants (—6-8) in 
comparison to most of the oxide perovskites. which is 
advantageous for integrated circuit applications. 


j. Mater. Res., voi. 9. No. 7. Jul 1994 


1646 






r. Guo era/.. Surface crystailograpmc structure compatibility 


TABLE Iial. Interatomic 

distances 

(A) in the YBCO. 
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TABLE 1(b). Bunding angles (degree) in the YBCO. 


_iO-Ba-Ol Z-(O-Y-O) 2.(0-Cul-0) _(0-Cu2-0) 


_(OI-Bj-OI) 

1 o5.40 

88.36 

89.79 

2-(03-Y-03) 

i “9.98 

73.49 

106.51 

2-(01-Cul-01) 

1 80.00 

<2(02-0u2-02) 

165.32 

Z.(01-Ba-O4) 

111.11 

56.47 

/.(03-Y-O2) 

110.77 

69.23 

^(01-Cul-04) 

90.00 

Z.(02-Cu2-03) 

S9.08 

Z.(01-Ba-03) 

09.04 

123.41 

4(02-Y-02) 

107 JO 

72.70 

180.00 

Z.(04-Cul-04) 

180.00 

Z.(03-Cu2-03) 

165.64 

Z.(01-Ba-O2) 

123.99 

68.46 





Z.(01-Cu2-03) 

97.18 


B. Binary oxides and fluorides 

Simple oxides and fluorides are of importance be¬ 
cause good crystals are often readily available: moreover, 
their dielectric constants are low. MgO and AI:Oj are 
among the first substrates that have been used as sub¬ 
strates tor YBCO. Yttrium stabilized cubic zirconia 
(YSZ) crystals have also been tested as YBCO sub¬ 
strates. CeOi is another substrate material that has been 
frequently used as a ‘buffer layer" between, e.g., AI 2 O 3 
and the YBCO. allegedly to interrupt the chemical 
interactions, interatomic distances for such binary oxides 
in comparison with that of the YBCO are listed in 
Table III. 

C. Substrates of other structures 

Representatives of potential substrates of a variety 
of structure types, including gehlenite. spinel, garnet, 
and maenetoplumbite. are included in Table IV. These 
structures are interesting because they are high symmetry 
structures with a common feature containing oxygen 
octahedra as their main building blocks that tend to 
allow reasonable matches with the YBCO perovskite- 
like structure. Moreover, as noted above, many of them 
are obtainable in large single crystal form and have low 


dielectric constants (in comparison to many of the oxide 
crystals of perovskite structure). 

V. DISCUSSION 

All the above comparisons have been performed 
using crystallographic data at ambient temperatures, and 
therefore thermal expansion corrections are required for 
elevated deposition temperatures particularly for sub¬ 
strates where there may be large differences in thermal 
expansion properties with the YBCO. As the average 
thermal expansion of YBCO nonlinearly increases at 
temperatures higher than ~-500 (due to the ortho¬ 
rhombic-tetragonal phase transition at a temperature 
~600 *C), any mismatch of positive sign will be re¬ 
lieved and negative sign will be worsened. Thermal ex¬ 
pansion isotropy found in most of the substrates of high 
symmetry versus the anisotropy in the YBCO structure 
is also a critical concern not to be ignored for thermal 
expansion corrections. 

YBCO film orientations used for comparison in 
the calculation are those with their planes perpendic¬ 
ular to the [ 001 ], ( 100 ). [ 010 ], and ( 110 ] directions. 
Other higher-indexed planes such as the (103) plane -0 
are also possible but have not been tested. The last 
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TABLE II. Comparison of interatomic distances in substrates of perovskite structure with the YBCO. 


Maidunjt 

Substrates Interatomic distances IAI Relative inieraioimc distance mismaicn with the YBCO 1%) YBCO plane 
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TABLE III. Comparison of interatomic distances in substrates of simple oxides and fluorides with the YBCO. 
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column in Tables II. III. and IV lists the interatomic 
distance-matched planes in the YBCO structure, though 
the specific planes in the substrate that contain the 
required matching distances need to be worked out in 
each case, and are not listed in the above tables. 

Interatomic distance comparisons led to a sugges¬ 
tion that the substrate's surface termination (that exposes 
required interatomic spacing), not only the substrate ori¬ 
entation. is a crucial parameter both in determining the 
epitaxial growth and the orientation of the films. This 
understanding emphasizes the role played by the sub¬ 
strate s surface structure (the interatomic distances and 
the ion distribution!. This consideration has not received 
the attention it deserves. Evidence was reported 38 that 
YBCO films prepared on (001) KTaOi single crystals 
are c-axis oriented when deposited on as-grown (001) 
surfaces and a-axis oriented when deposited on (001) 
cleaved surfaces. The interatomic distance comparison 
showed that (001) and (110) orientations of YBCO have 
sections with matching interatomic distances with the 
KTaOi within and additional directions include 

(100) anu i010) when r15 % matching is allowed. The 


(001) growth (through contact plane C4 or C2) is the fa¬ 
vored growth direction for substrate surface terminated 
with K and O as shown tn Fig. 2(a). When the oxy¬ 
gen ions and Ta are the terminating ions to the surface 
(the cleaved surface in KTaOi), the (110) (through the 
contact plane AB2), (001) (through the contact planes 
of C3 or Cl), and (100) (through the contact plane 
of Al) orientations are possible. This situation is illus¬ 
trated in Fig. 2(b). Further characteristics of the atomic 
termination layers are needed to identify which of the 
orientations is the most favored from energy argument. 

A point needed to be emphasized is that the con¬ 
siderations of epitaxial growth of superconducting films 
must stan at levels of atomic structure and arrangements 
of atoms on the surface (not only the crystallographic 
unit cell). Even if the film may have excellent in-plane 
and out-of-plane orientations, steps and antiphase bound¬ 
aries can occur from nucleation at different points on 
the surface of the substrate and with different sections 
(or horizon levels) of the YBCO structure, resulting in 
clusters with the structural repeat unit out of phase in 
both in- and out-of-plane directions. 3 The superconduct- 
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TABLE IV Comparison of interatomic distances in substrates of miscellaneous structure types with the YBCO. 
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TABLE IV. (conunued) 

Substrates 

Interatomic distances (A) 



Relative interatomic distance mismatdi with the YBCO «r) 
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ing propenies such as the critical current density, y o will 
be affected significantly by the antiphase boundaries and 
stacking faults in otherwise 'perfect epitaxial” films.-' 


Interatomic distance comparison also indicates a 
possible dependence of the orientation of the films at 
the nucleation stage on composition during deposition. 



FIG. 2. Epitaxial relations of the KTaO» wuh the YBCO for different cleavage planes: (a) (001) KTaOi substrate terminated with K and 
O. and lb) (001) KTaOi substrate terminated with Ta and O. The shaded circles arc the matching sites in the YBCO planes. The plane 
identifiers are shown above the hollow arrows. 
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For instance, rich in Cu or rich in Ba may very well 
determine the film orientation to be j 1 00 J as the inter¬ 
atomic distances of 04-Cul. 03-Cu2. Ol-Cul. and 
01-Cu2 are essential to fulfill (or (010] as 02-Cu2. 
Ol-Cul. and 01-Cu2 matching are needed) or [001] 
as the distance of Ol-Ba is required. This type of com¬ 
position dependence was indeed observed by Oh et al.*° 
in YBCO films deposited on (100) KTaO? substrate. The 
Ba-poor films tend to be a-axis oriented, whereas Ba- 
rich films are usually c-axis oriented. This phenomenon 
appears to suggest the Ba (or Y) might be the key 
in some cases in determining c-axis films (both Ba 
and Y may result in c-axis films though nucleated in 
different horizon), because of its large size. Orientation 
dependence on composition could be useful to con¬ 
trol undesired orientations, chemically, in a deposition 
process when several competing orientations of growth 
are present. The role of defects in the substrates and any 
surface contaminations will then undoubtedly affect the 
intended epitaxial deposition of the YBCO films. 

A number of other substrates with the perovskite 
structure (both oxides and fluorides) can be analyzed as 
has been done for KTaOv In fact, it is true that the 
lattice parameters are often sufficient considerations in 
epitaxial film growth only when the cubic or pseudo 
cubic structures are considered. 

For simple oxides or fluorides listed in Table III. the 
lattice parameters are all larger than that of the YBCO 
(b-axisl with the MgO representing the smallest mis¬ 
match at —8.5%. Interatomic distance-matching planes 
can be found when a r 15% mismatch is allowed to iden¬ 
tify the most probable direction of overgrowth. MgO has 
been tested quite extensively and either highly textured 
or epitaxial films have been reported. Using distance 
calculations, there is no atomic distance matching within 
the r6% for MgO substrates. This result agrees with 
the experimental observations that, in general. YBCO 
thin films grown on (001) MgO are highly oriented 
polycrystalline films with the c-axes parallel between 
grains and perpendicular to the substrate surface. 41 How¬ 
ever. if a ± 15% mismatch is allowed, all studied YBCO 
directions become possible, on specific surfaces of the 
substrate. YBCO films of both [001] and (100] growths 
were reported, and “epitaxy quality” is reportedly ob¬ 
tained depending mainly on the substrate temperature. 
YBCO thin films deposited on (100) MgO substrates at 
650 *C. although fully c-axis oriented, do not exhibit 
much in-plane orientation as evidenced by oscillating 
photographs. 42 However, epitaxial growth of the YBCO 
with a- and b-axes parallel to those of the substrate was 
reported for growth temperature at 700 *C. It is our spec¬ 
ulation that the thermal expansion of the YBCO at the 
higher temperatures (near the orthorhombic-tetragonal 
phase transition) might have resulted in much less se¬ 
vere mismatches, overlapped with the normal effects of 


monotonicaily increased thermal activation energy, and 
an epitaxial relation might therefore be obtained. 

CeOi has been reported as one of the most versatile 
"buffer layers" in various cases for the HTSC thin film 
depositions. Using the distance comparison as seen in 
Table III, a (001) CeOi substrate terminated with O has 
a close interatomic distance match with the YBCO and 
can result in the film of [110] growth direction through 
the contact plane of AB2, as shown in Fig. 3(a), or 
the film of [001] growth direction through the contact 
plane of C4 by rotating the CeO : lattice 45* about the 
c-axis, on (001) CeOs terminated with only Ce. as shown 
in Fig. 3(b). Two other possible contact planes in the 
YBCO can be identified as C3 and Cl. as also shown in 
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FiG. 3. Possible epuaxv relations in substrate (001) CeO; for the 
YBCO film: (a) (110) and (001) YBCO films deposited on (l00)CeO : 
substrate terminated with oxygen ions through AB2 contact piane and 
C3 contact plane U * 0 3782c). respectively: and (b) (001) YBCO 
film on the (100) CeO: substrate terminated with Ce ions through 
the Cl (j ” 0). C3 (e — 0 3782c). and C4 (c — 0.5c) contact planes, 
respectively AB2 and C4 planes are the probable epuaxv planes with 
overall good interatomic distance matches. 
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Figs. 3(a) and 3(b). The C3 and Cl contact situations, 
however, exclude the 04-Cul or 02-Cu2. and 03-Cu2 
interatomic distances match as there are no oxygen sites 
on the substrate surface and are therefore hypotheti¬ 
cal. Further detailed comparison between the angles of 
the z.iO-Ce-0) (in Ce0 2 ) and the Z-(O-Y-O) in 
YBCO [listed in Table 1(b) for YBCO] shows clearly an 
excellent match at the horizon of z — 0.5c (C4) contact 
plane for a (001) YBCO film when its a- (or b-) axis 
is aligned along the [110] direction of the Ce0 2 unit 
cell. Besides the interatomic distance mismatch less than 
—3%. the mismatches in angles are found to be less than 
3®. The epitaxial relation of CeU 2 and YBCO (when 
the contact plane is the C4) is schematically shown 
in Fig. 4. 

Epitaxial (001) YBCO films prepared by pulsed 
laser deposition on the (001) Ce0 2 buffer layer on (1102) 
sapphire have been reported (J c = 1.3 X t0 n A/cnr 
at 84 K) and the cross section of the substrate/buffer 
layer/YBCO film was studied by TEM and HRTEM. 43 
The in-plane relation was found to be (100) 
YBCO || (110)CeOi || [2021] A1 2 0 3 . This result clearly 
confims the proposed in-plane alignment situation 
depicted in Fig. 4; however, it does not render further 
judgment on whether the 0-0 distance matching 
[without the Cu-site matching in the case of C3 shown 
in Fig. 3(a)] or Y-Y distance matching [C4 in Fig. 3(b)] 



FIG. 4. Schematic illustration ot the epitaxy relations for the 
(OOlKTeOyiOOUYBCO system through contact plane C4 iz — 0.5c) 
in YBCO Part ot the YBCO unit cell is drawn. A comparison of the 
atomic structure similarities (distance and angles) between the YBCO 
and the CeO- is also given. 


is responsible for the growth. Similar crystallographic 
matching relations in other crystals such as YSZ and 
CaFs of the fluorite structure have also been found. 
However, due to the reactive nature of Ce, it is not 
clear if this type of overgrowth can be generalized for 
other materials of similar structures. The strain misfit 
at the Al 2 0 3 /Ce0 2 interface is as high as 14% and 
a disordered layer of ~0.5 nm (two atomic rows in 
a 13 nm thick CeO? layer) thick was observed bv 
HRTEM. 43 The reason Ce0 2 is successful despite such 
a large lattice misfit is still unclear. Epitaxial films of 
(001) YBCO on (100) LaA10 3 or (100) YSZ using Ce0 2 
as buffer layers have also been reported. 44 Convincing 
in-plane evidence for the above cases that identifies the 
plane(s) of Ce0 2 that allow(s) the overgrowth of the 
(001) YBCO films, the epitaxial mechanisms on the con¬ 
tact plane, and the strain level the film may tolerate, is 
still lacking. Similar arguments may be applied to the 
CaF 2 , MgF 2 , and vttria-stabilized-zirconia that ail share 
the fluorite structure with Ce0 2 . 

Sapphire has some specially interesting features as 
a substrate: availability as large-sized wafers, low cost, 
and very low dielectric loss. Its application as a sub¬ 
strate for HTSC, however, has been hindered by the 
chemical reaction with the YBCO to form BaAl 2 0 4 
at high temperature. Oriented YBCO films generally 
were reported deposited on the (1102) plane. Compar¬ 
ing the interatomic distances of A1 2 0 3 with the YBCO, 
the possible contact planes in the YBCO are found 
to be the Cl, C3, C4. and AB2. No clear atomic 
site matching can be found by examining the surface 
structure of the (1102) sapphire with oxygen layer ter¬ 
mination (the plane marked A in Fig. 5). However, for 
the plane marked B in the A1 2 0 3 structure that is ter¬ 
minated with A1 only, a tolerable matching relation 
for fluorite-type structures such as Ce0 2 (distance mis¬ 
match for 5.389 A in Ce0 2 is 5.1-13.2%) and YSZ 
(distance mismatch for 5.162 A in YSZ is 8.5-0.7%) 
could be identified as a unit area 4.759 A wide and 

e 

5.128 A long enclosed in thick solid lines in Fig. 5(a). 
It was reported that the (001) YBCO films deposited 
on a (ll02) A1 2 0 3 substrate (without buffer layers) 
were obtained only in a narrow substrate-temperature 
window of 650-670 'C. 45 Degraded YBCO proper¬ 
ties were attributed to severe lattice mismatch between 
the sapphire (ll02) plane and the YBCO a-b plane. 
The c-axis misalignment of the YBC0/A1 2 0 3 film was 
reported to be substantial (4® of the c-axis of YBCO 
about the sapphire [ 1T02] direction). Some in-plane 
alignments [the ^100] and [010] of YBCO aligned with 
(2201) in the (1102) plane of A1 2 0 3 . similar as reported 
in the case where Ce0 2 buffer layer was used 43 ] with 
considerable distribution in orientation were also re¬ 
ported. The possible YBC0/A1 2 0 3 overgrowth relation 
is illustrated in Fig. 5(a), following the work of Boyce 
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FIG. 5. Sapphire (1102) surface 4 *: (a) top view of one surface building block made up of five atomic layers of O-AI-O-AI-O. The deeper 
the atom below the top layer, the smaller the radius. The open circles label O atoms. The large and small filled circles label Al atoms on 
the top and the bottom layers. The unit mesh area. 4.759 A wide and 5.128 A long, is enclosed by the dark solid lines. The fine solid lines 
enclose an area of side length 3.498 A. The dashed circle is the lateral boundary of the cluster, (b) Side view along the (Tl01| direction. 
The three arrows labeled A. B. and C indicate the three different (ll02) planes. 


era/.. 45 as the area (3.498 A in each side) enclosed 
in fine solid lines. The interatomic distance mismatch 
for YBCO (a — 3.8336 A and b — 3.8828 A) is about 
10— 11 Co and the angles Z-(Al-Al-AJ) are several de¬ 
grees off 90*. It is suggested, therefore, that YBCO films 
deposited on a (ll02) sapphire substrate (which is termi¬ 
nated in general with an oxygen layer as that presenting 
a lowest cleavage energy for this orientation 46 ) will not. 
in general, have the (001) epitaxial quality. The so-called 
buffer layers, such as CeO? and YSZ. are entirely respon¬ 
sible for the reported (001) epitaxial quality films. Direct 
overgrowth of YBCO films on a (1102) sapphire sub¬ 
strate may be possible in a narrow substrate-temperature 
window: however, the in- and out-of-plane orientations 
will not be perfect. 

Though the detailed substrate-film orientation rela¬ 
tions may be considerably complicated for some of the 
substrates of the (K?NiF 4 ], gehlenite. (BaAhO*], spinel, 
garnet, and the magnetopiumbite structures, the primary 
adaptability of those materials as a host for overgrowth 
of the YBCO is due to their similarity in having the iden¬ 
tical building blocks (oxygen octahedral as are present 
in the perovskite structure of YBCO. YBCO films have 


been deposited on some of these materials, and the films 
reportedly have good superconductivity. 47 

VI. SUMMARY 

From these preliminary considerations and supported 
by experimental evidence from a variety of sources, it 
is clear to us that the “lattice match" ideology used in 
discussing epitaxy is inaccurate and sometimes mislead¬ 
ing. Similarity in structure is a higher order criterion than 
simply lattice matching though they are not independent. 
By analyzing a variety of substrate structures, it has 
been shown that it is the similarities in interatomic struc¬ 
ture. which includes the ionic distributions and distances, 
that is the primary consideration for substrate selection. 
With this understanding, the range of potential HTSC 
substrates can be considerably broadened. 

Interface layers suitable for "epitaxial" growth 
of YBCO thin films have been found empirically for 
many substrates of various structures of miscellaneous 
symmetries. Very rarely do authors report the quality 
(degree of orientation) of the buffer layer (e.g., CeO>), 
which is in fact the directing substrate. Indeed, it 
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is not clear what orientations would result in with 
nearly zero structural interaction with the substrate. 
Consideration of control of morphology by strong 
bond chains, the so-called PBC (periodic bond chain) 
vectors of Hartman and Perdok. 48 may be particularly 
significant here. Noncrystalline oxides, fluorides, and 
glasses would serve as good testing cases. 

A very important point to emphasize is. in the 
interatomic distance and angle calculations and analysis, 
the “ideal” surface termination was studied and the 
atomic arrangements that lie just on the surface of the 
crystal were assumed to be indistinguishable to that 
inside the bulk. It must be noted, however, the atoms on 
or very near a clean surface of a crystal need not maintain 
the atomic positions found in the bulk because atoms 
on the surface interact with atoms below the surface 
plane but not above. Deviations from the bulk atomic 
positions can cause changes either with (reconstruction- 
type. as for examples found in the case of Si(OOl) 44 ] 
or without (relaxation-type in which the symmetry of 
the atoms on or near the surface is maintained, but 
the distances change between the successive planes 
of atoms parallel to the surface plane) the change in 
symmetry of atoms. The further detailed study requires 
knowledge of symmetry of the surface structure resolved 
from LEED (low-energy electron diffraction) patterns 
(or combinations with reflection electron microscopy 
or reflection high-energy electron diffraction techniques, 
etc.) by a LEED intensity analysis. Except in a few cases, 
such as Si and AI2O3, this type of information is very 
scarce for substrates of interest to us. This study is but a 
preliminary evaluation that gives a new perspective fTom 
which to look for potential substrates from the surface 
interatomic structure matching point of view, one step 
beyond the lattice matching consideration. It can be used 
to evaluate or screen potential substrates and to design 
an ideal deposition experiment. 
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Abstract An ion polarizability additivity rule (R.D. Shannon) 1 was applied to calculate the dielectric 
constants of a large family of substrate materials (for HTSC films) and to compare with the measured 
dielectric constant values. The applicability and the limitations of the model were examined in light 
of experimental results of new substrate materials . The suitability and the limitations of the ion 
polarizability additivity rule in predicting dielectric constants of ionic materials were discussed. 
Possible causes of discrepancies found between the calculated and experimental values of the 
dielectric polarizabilities and dielectric constants were examined and modifications on the current 
additivity approach were proposed. 


1. INTRODUCTION 


Dielectric constant of substrates for HTSC thin films is an important selection criteria in addition to the 
suitability of the substrate for oriented film growth. To be used in microwave resonator applications 
where the substrates act as passive dielectrics, the suitable dielectric constant k' values should be 20-25 
and the dielectric loss tangent must be low (CIO -4 ). To be used for integrated circuits as the dielectric 
plane between the patterning, the k* must be -10 or less in order to accommodate the HTSC thin films 
(~lpm in thickness). 

The macroscopic dielectric constant and the molecular polarizability are connected through the 


Claushis-Mosotti relation: 

a_=-3_r 
D 4k m ti+2 


( 1 ) 


where a D is the dielectric polarizability and V m is the molar volume in A 3 . Much of the effort in this field 
has been, rather than trying to resolve the local field of each complex substance, to utilize the increasing 
pool of dielectric polarizabilities of substances with various compositions and structures. Dielectric 
polarizabilities and hence the dielectric constants of new materials/compounds whose dielectric constants 
have not been measured are potentially predictable by linear addition of the molecular polarizabilities of 
simpler substances <molecular polarizability additivity rule) 3 ’ 3 ' 4 or ion polarizabilities of individual ions 
(ion polarizability additivity rule). 3 ’ 4 Review and comments about the application of polarizability 
additivity rules can be found in Shannon's paper. 1 

Recently, molecular polarizabilities were used to calculate the dielectric constants of several substrate 
materials (CaYA10 4 , CaNdA10 4 , and SrLaAlO^ of KjNiF 4 structure and the comparison between the 
calc u la t ed and observed polarizabilities shown to have good agreement. 6 Shannon 1 has derived a set of 
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61 ion dielectric polarizabilities from a least square refinement procedure using the ion additivity rule and 
calculated dielectric constants for about a hundred compounds in conjunction with the Clausius-Mosotti 
equation. Excellent agreement between the polarizability values calculated and those experimentally 
measured was shown for many ternary systems including borates, aluminatcs, gallatcs, silicates, 
germanates, phosphates, and vanadates. 

The research team at the Materials Research Laboratory, Pennsylvania State University, has been 
active in HTSC substrates study for the last two years and had proposed number of materials for potential 
substrate applications. 7>s New materials such as SrfAl^Ta^jOj and SifAl^Nb^jOj, 9 
LafMgj^Ta^jOj, 10 LafMg^Ti^jOj, 11 and a family of materials of the magnetopiumbite structures 12 
have been fabricated and their dielectric properties studied. It is of great interest for us to apply the ion 
polarizability additivity rule to the family of substrate or potential substrate materials for those we have 
gathered fair amount of dielectric and structural data that are previously unavailable. 

In this paper we report the application of Shannon's model to the substrate materials; then the 
discrepancies between the experimental and the predicted dielectric polarizabilities (and the dielectric 
constants) are discussed. A new approach, applying apparent bond valence and its correlation to the 
bonding distance to derive "universal” or "normalized" (to its electrostatic bond valence) ionic 
polarizability, is proposed to modify current ion polarizability additivity approach. The derivation of the 
normalized ionic polarizability and the comparison of the experimental results to the predicted values 
obtained using the preliminary set of normalized ionic polarizabilities will be published elsewhere. 13 


2. SHANNON'S ION POLARIZABILITY AND THE ADDITIVITY MODEL 

The method to obtain the ion polarizability data and the basic approach to predict the dielectric constants 
described by Shannon are schematically shown in Fig. 1. Several assumptions were applied by Shannon 
in the approach that include; Polarizabilities of cations and fluorine are independent of the compound in 
which the ions are found; Polarizability of oxygen was assumed to depend exponentially on the volume 
occupied by an oxide ion This dependence can be disregarded for K cuc <2fU 3 ; Polarizability of B 3+ 
(in &fi 3 ) was chosen to be 0.0 SA 3 that gave the polarizability of O 2 * to be 2.0 L A 3 . 

3. COMPARISON OF EXPERIMENTAL AND PREDICTED VALUES 

The calculation results using Shannon's ion polarizability data ^ (Table in, second column) and the ion 
polarizability additivity rule are shown in Table 1. Comparison of the calculated and experimental molar 
polarizability and dielectric constants are tabulated All the materials chosen for this study were 
substrates which have been considered for use for HTSC film deposition or have been reported as effective 
substrate for HTSC thin films. Some materials which appeared in Shannon's database or calculation are 
also included for the sake of completeness. Most of the structural data, symmetry parameters and the 
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DATABASE (129 Oxides and 23 Fluorides) 

] 

$ 

1 

-1 


Clausnis-Mosotti Equation: a o ~ 4 ^^-^+2 


(+) 

Break Molecular Polarizabilities into Ion Polarizabilities, e.g., 

(+) 

Least Squares Refinement 


_4_ 

Empirical Ion Dielectric Polarizabilities a, (61 ions) 


4 



FIGURE 1. Schemetic approach of the ion polarizability additivity role applied by Shannon. 1 

molar volume (V^, are reasonably well established and the refined single crystal structure information 
used may be found in The Inorganic Crystal Structure Database (ICSD). 14 Crystal structures and the 
molar volumes of new substrate materials are on available single crystal samples (grown by a 

laser pedestal growth technique) by x-ray diffraction. Ceramic samples of new substrate materials 
are also used, only for those well sintered samples having high density and cubic or pseudocubic 
symmetries. The experimental value of the dielectric constants were taken from Shannon's da t abase 
wherever available, otherwise the refe re n ce is given in the table. Dielectric constants of new substrate 
material* an measured using a high precision measurement system (Gen Rad 1621) in 

frequency range KP-IO 5 Hz at room temperature and resonance technique or cavity perturbation 
techniques at the microwave frequencies (GHz). Details regarding the synthesis, preparation, and 
properties of new substrate matgrial* may be found in the referred publications. 

Several observations on the results listed in Table 1 are worth mentioning for further discussions. 
First, it is strikingly apparent that discrepancies in molar polarizability can many times cause large 
in dielectric constant prediction that «nHi<^t«* the V m value in dielectric constant prediction 
plays a significant role. Second, good agreements are usually seen in case of s ubs t a n ces containing 
rtioni having high valence and «m*ll sizes, while large discrepancies are common in ternary systems 
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that involve large cations in high coordination sites. Third, poor agreements are found in materi al* 
containing Nb or Ta ions such as BafMg^Ta^^, SrfAlo 3 Tao 3 )0 3 , and Sr(Alo 3 Nh„ 3 )0 3 and cations 
of rare-earth family such as LaA10 3 


TABLE I. Comparison of Calculated and Experimental Dielectric Constants Using Ion Polarizability 
Additivity Rule . 1 


Substance 

Space Gr. 
or Sym. 

v m 


x’d 

Aa% 

AI 2 O 3 

R3ch 

42.45 

9.34, 9.34, 11.54 

10.05 

0.06 

CaF 2 

Fm3m 

40.75 

6.81 

6.77 

0.23 

MgO 

Fm3m 

18.68 

9.65 

9.86 

-0.61 

B*jYSb0 6 

Cubic 

139.53 

25.0 

23.71 

0.63 

Sr(Ga jTi 

Cubic 

61.58 

26.9 

31.54 

-1.60 

MgFj 

P42/mnm 

32.40 

5.50 

5.31 

1.73 

(SrojCao jKGa^ 3 Nb Q 3 )0 3 

Cubic 

58.64 

32.0 

25.41 

2.32 

SiC^ (quartz syn) 

P6222 

39.37 

4.42,4.41,4.6 

4.26 

3.10 

^0.72 Y 0 28®1862 

Pm3m 

34.35 

29 

21.43 

3.60 

BaZrO, 

P23 

73.10 

43.0 

27.59 

3.72 

NdGaOj (NO) 

Pbn21 

57.68 

20-25 

31.66 

-3.80 

CaYA10 4 

Tetra 

79.85 

21.44,21.44,16.12 

15.54 

3.80 

1/3SAN-1/3SAT-1/3NG 

Cubic 

63.30 

22.8 

17.13 

4.08 

Nd 39 Sr 6 1 A1 695 Ta 303 O 3 


56.76 

24.04 

39.20 

-4.79 

LafMgAlj |)0 | 9 

Hex 

296.86 

13.50 

10.81 

5.03 

GdAlOj 


51.87 

19.50 

29.17 

-5.03 

LiBaFj 

Cubic 

63.40 

11.71 

14.98 

-5.40 

0.7Sr(Al 3 Nb 3 )O 3 -0.3NdGaO 3 

Cubic 

63.30 

23.50 

16.06 

5.49 

0.7Sr(Al 3 Nb ,)0 3 -0 3LaA10 3 

Cubic 

63.28 

25.90 

17.02 

5.63 

SrLaAlO, 

Tetra 

88.99 

16.70,16.70,20.02 

28.30 

-6.19 

Sr(Al 3 Nb 3 X> 3 (SAN) 

Cubic 

59.09 

17.30 

27.08 

•6.19 

KMgF 3 

Pm3m 

63.00 

5.98 

6.97 

- 6.66 

KZnFj 

Pm3m 

66.70 

8.85 

7.20 

6.85 

0.7Sr(Al 3 Ta 5 )O 3 -0.3LaAlO 3 

Cubic 

58.08 

21.9 

45.52 

-7.08 

La(Mg2^jTa 1/3 )0 3 

Hex 

74.33 

24.1 

14.56 

7.30 

Nd(MgGaAl 10 )O , 9 

Hex 

296.50 

14.9 

10.60 

7.37 

0.7Sr(Al 3 Ta 3 )0 3 -0.3LaA10 3 

Cubic 

57.89 

21.9 

47.94 

-7.44 

PrA10 3 

R3-mr 

53.25 

25.0 

64.81 

-7.45 

SmA10 3 

Pbnm 

52.30 

19.0 

38.53 

-8.03 

BaSnOj 

P23 

69.40 

18.0 

36.06 

-8.37 

LaGaO, 

[GdFeOj] 

59.10 

25.0 

81.33 

-8.45 

(® t 0.|S r 0.2)( M 8l/3 Ta 27^ 3 

Cubic 

67.48 

25.9 

91.67 

•8.46 

; B% 9 Sr 0 , )(Mg| /jTa^jOj 

Cubic 

67.84 

25.3 

123.65 

-9.66 

CaGa,jO , 9 

Hex 

301.48 

9.70 

15.12 

-9.83 


Hex 

68.59 

24.6 

138.91 

-10.31 

LafMgjTijjOj 

Cubic 

60.10 

26.5 

355.40 

•10.83 

NdAiOj 

R3ch 

52.80 

17.50 

46.89 

-10.93 

c*g««ai 6 o 1 9 

Hex 

302.00 

18.2 

10.72 

11.43 

0.7Sr(Al 3 Ta 3 )0 3 ^.3NdGa0 3 

Cubic 

57.90 

16.3 

42.22 

-11.49 

LaAlOj 

R3mr 

54.40 

23.8 

406.86 

-10.96 

YAlOj 

P63/mmc 

61.69 

16.83,16.83,15.94 

8.79 

14.13 

St(Al 3 Ta 3 )0 3 (SAT) 

Cubic 

59.09 

11.78 

37.36 

•18.09 

CeOj 

Fm3m 

78.25 

7.0 

4.59 

18.33 
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4. DISCUSSION 

Origin of Large Discrepancy in Predicted Dielectric Constants Values 

Obviously any inaccuracy in dielectric constant measurements or structure parameter determinations are 
the up front cause for the discrepancies. All the data used in our calculation are believed to be the most 
tellable data available. 

Besides experimental errors, large deviations from additivity rule using Shannon's ion polarizability 
data can sometimes be traced to, as pointed out by Shannon, unusual properties of the compounds such as 
ionic or electronic conductivity, the presence of dipolar impurities, or piezo- or ferroeiectricity. However, 
above mentioned irregularities are presumably non existent in the substrate materials in current study. 

After taking into consideration the oxygen polarizability dependence of the volume, the 
calculation in table 1 was repeated using the refined ion polarizabilities given by Shannon 1 (Table III, 
first column). The improvement is insignificant and discrepancy is largely non corrected. 

A critical question needed to be answered after examining the ion polarizability calculation is 
whether the assumption is valid that cation (and fluorine) polarizability is independent of the compound 
in which it is found. 

There seems to be enough indication that suggests the answer to the this question is no. Evidence 
was presented by Salford and Silverman 13 that a change of coordination of an ion alters the molar 
reftaction contribution of the ion or more correctly of the group immediately surrounding the ion Fajans 
and co-workers 16 showed that the coordination number of Zn 2+ is related to the molar volume (of Zn 2 *) 
and demonstrated a relationship between molar reftaction and molar volume (of the cation). These 
authors showed that the Al 3+ in fourfold coordination in glass or in certain crystals has a molar reftaction 
contribution of 12.3 (calculated for AI 2 O 3 ), whereas in sixfold coordination it is 10.3. Kreidl 17 first 
indicated that MgO may assume both ’basic” and "acidic* properties in glass. Difference in molar 
refractions were found for Mg 2+ in sixfold coordination such as in periclase MgO where R=4.538, and in 
fourfold coordination such as in spinel MgAl 2 0 4 where R«5.18. 18 For ions preferably found only in the 
same coordination, the dielectric polarizability of the ion remains relatively constant and the additivity 
rule applies well. Molar volumes of the compounds in these cases are all one need to calculate total 
polarizabilities of the compounds. Examples of this type would be the silicates and borates. For 
substances that contain cations which are found in different coordination, the difference in the dielectric 
polarizability is averaged when enough (unbiased) substances are used in the least square fitting process 
and therefore good or fair additivity application can be obtained. Examples of this type may be identified 
as aluminates, and gallates. However, for cations like Cu 2+ , Ba 2+ , RE 3 *, Sb 3 *, As 3 *, Nb 3 *, Ta 3+ , the ion 
polarizability data are scarce and single crystal data are not available, the uncertainties are larger because 
the ratio of the number of observed molar polarizabilities to refined ion polarizabilities is rather low and 
the observed total polarizabilities have larger errors (as also noted by Shannon). 
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Modification Proposed on Current Additivity Approach 

Following the above discussion, if the dielectric polarizability of a cation is dependent on individual 
compound, can a set of generally constant ion polarizability data be found and valid for use by the 
additivity rule for a broad range of compounds with various coordination combinations or crystallographic 
senses? Following the work of O'Keeffe 19 and Brown and Altermatt 20 on the apparent bond valences and 
their relations to bond lengths, we suggest reformulating of the ion polarizability additivity rule by 
normalizing each ion polarizability to its electrostatic valence status. This new approach defines the 
normalized ion polarizability which is applicable for estimation of the dielectric constants with higher 
precision once the refined crystal structure is known. The derivation of the modified ion polarizability 
data and the preliminary examination on ionic materials of broad range is in progress. 
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Ba(Mg 1/3 Ta Z r 3 )0 3 single crystal fiber grown by the laser heated pedestal 
growth technique a) 

Ruyan Quo, A. S. Bhalla, and L E. Cross 

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 
(Received 22 July 1993; accepted for publication 26 January 1994) 

The preparation of Ba(Mg 1/3 Ta Z rj)0 3 (BMT) ceramics and the first successful growth of BMT single 
crystals by the laser heated pedestal growth technique (LHPG) is reported. The single crystal has a 
simple cubic perovskite structure in comparison to the ordered hexagonal structure normally found 
in ceramics of the same phase. The dielectric properties of single crystals are examined, the 
dielectric Q value increases with the increase in B-site ordering, while the dielectric constant k is 
relatively independent of ordering. Our results also show that BMT is a candidate substrate for high 
T c superconductor thin films as it has one of the highest Q values known for the oxide perovskite 
family, along with its matching thermal expansion coefficient a=9.0xi0~ 6 / °C and twin-free cubic 
perovskite structure with a = 4.0877 A. BMT single crystals grown by the LHPG technique are 
probably the highest melting oxide compounds grown to date. 


I. INTRODUCTION 

Ceramics of complex perovskite oxides 
A(Bal 1/3 B22> 3 )0 3 type were previously explored in search of 
candidate materials with excellent microwave dielectric 
properties. 1 Ba(Mg 1/3 Ta Z q)0 3 (BMT), in particular, was re¬ 
ported to have a dielectric constant k~25 and a dielectric 
Q—16 800 (one of the highest in the oxide family) at 10.5 
GHz in samples with a 1 mol % Mn additive as a sintering 
aid. 2 However, the reported Q values in BMT are widely 
scattered (5000—50 000), presumably due to differences in 
B-site ordering and the density of the ceramic body. Sinter¬ 
ing additives, such as Mn 2 or Sn 3 or rapid sintering 
methods, 4 have been used to obtain dense ceramics with im¬ 
proved microwave properties in this poorly sinterabie com¬ 
pound. It has been reported that Q values increase with in¬ 
creases in B-site ordering and bulk density of the ceramic, 4 
although the individual effects of density and ordering on the 
dielectric Q have not been determined since variations in 
density and ordering occur simultaneously in these ceramics. 

BMT is one of the most refractory oxide dielectrics; 
therefore single crystal growth is quite difficult A BMT 
single crystal was grown from a BaF 2 flux and yielded a 
significantly higher dielectric constant (~200), s presumably 
attributable to flux contamination. No detailed study on the 
properties of a single crystal BMT is currently available. 

Motivated by a search for suitable substrate materials for 
high T c superconducting (HTSC) thin films for microwave 
device applications, various mixed perovskite oxides were 
studied. BMT, with a high dielectric Q, was a promising 
candidate. Single crystal growth was attempted without the 
use of flux utilizing the laser heated pedestal growth (LHPG) 
technique. BMT ceramic preparation, the first successful 
growth of BMT single crystals by the LHPG technique, and 
their characterization are presented. The single crystal has a 


"Put of (his work wis first presented tt the DARPA 3rd Annual High 
Temperature Superconductor Workshop, Sept. 30-Oct. 2, 1991. Seattle. 
Washington. Related presentations were also made at the DARPA/ONR 
Workshop on Substrate Materials for High T c Superconductors. Feb. 5-7. 
1992. Williamsburg, Virginia. 


simple cubic perovskite structure as opposed to the ordered 
hexagonal structure normally obtained in well-sintered 
ceramics. 6 The dielectric properties of single crystals were 
examined: the Q value increased with increased B-site order¬ 
ing, while the dielectric constant k was more dependent on 
the density of the sample. Our results also establish BMT as 
a potential HTSC thin film substrate since it has one of the 
highest Q values known for the oxide family, in addition to 
its moderate dielectric constant, good thermal expansion co¬ 
efficient matching, and twin-free cubic structure with accept¬ 
able lattice misfit to the YBa 2 Cu 3 0,_; (YBCO) supercon¬ 
ductor. 


II. EXPERIMENT 

A. Preparation of ceramic preforms 

In addition to preparing ceramic samples for dielectric 
characterization, ceramic processing was also necessary to 
provide ceramic seed and feed rods for crystal fiber growth 
using the LHPG technique. 

Ceramic specimens were prepared by solid state reaction 
using conventional techniques. Differential thermal analysis 
(DTA) was used to determine the minimum calcining tem¬ 
perature and select sintering temperatures. Powder x-ray dif¬ 
fraction was used extensively to characterize the crystallo¬ 
graphic phases and adjust processing conditions. High purity 
magnesium oxide (3N5), tantalum pentoxide (4N) and 
barium carbonate (Grade 1) were used as starting chemicals. 
The ground mixture was calcined in an alumina crucible at 
1500 °C for 3 h. The sintr ing time varied from 3 to 35 h at 
temperatures from 1600 to 1670 °C. 

The sintered pellet (<£~35 mm) was sliced into wafers 
approximately 2 mm thick, ground to 0.4-0.8 mm thick, 
then cut into square rod preforms. 

Ceramic disks used for low frequency dielectric mea¬ 
surement were prepared using the same process. Sputtered 
gold electrodes were used for all rf dielectric property mea¬ 
surements. 
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b* LH9r nma pmniii growin 

The laser heated pedestal growth technique is a powerful 
tool for rapid growth of small-diameter single crystals (par¬ 
ticularly high melting temperature oxides) for both property 
study and fiber devices. 7 The LHPG equipment used in this 
investigation consisted of a power source (water cooled, tun¬ 
able flowing gas C0 2 SS W laser), an optical layout, and a 
growth section. The circular laser radiation of the TEHx, 
mode was transformed into an annulus by a reflaxicon. 8 The 
annulus was directed onto a parabolic mirror that focused the 
radiation back to its focal point, forming the hot zone. The 
pulling heads were high precision five-phase microstepper 
motors, with a single step increment of 25 /zm. The growth 
chamber was a stainless steel vacuum chamber enclosing the 
reflaxicon and the internal optics to minimize air current dis¬ 
turbances and allow growth to take place in reducing or oxi¬ 
dizing atmospheres. A further description can be found 
elsewhere. 910 

C. Dielectric meeeurements 



The rf dielectric constants and loss tangents were mea¬ 
sured using a General Radio 1621 capacitance measurement 
system. Three-terminal measurements were conducted using 
a shielded sample holder. The accuracy of the measurements 
was in the range of ±(10-50) ppm for capacitance and 
±(0.1 + 1 step in least significant decade) for conductance. 
The stray capacitance, lead, and contact resistances were cor¬ 
rected during measurement by taking open circuit measure¬ 
ments. Edge corrections of the measurement results were 
made using an empirical equation obtained from the mea¬ 
surement results for a family of fused silica samples, 

C e =|o.02798X ln| y j— 0.05922 j/*, (1) 

where C e is the edge capacitance, P and t are the perimeter 
and the thickness, respectively, of the sample in cm. 

III. RESULTS AND DISCUSSION 

After calcination at 1500 °C for 3 h, powder x-ray dif¬ 
fraction showed the crystallographic phase to be single-phase 
pseudocubic perovskite with a weak superiattice diffraction, 
indicating a lack of grain growth and absence of a long range 
order of B-site (Mg,Ta) ions [see Fig. 1(a)]. The material 
developed strong ordering with hexagonal symmetry and lat¬ 
tice parameters of a»5.7731(6) A and c = 7.0941(2) A af¬ 
ter sintering at 1655 *C for 5 h, as seen in Fig. 1(b). Lattice 
parameters of a *5.782 A and c=7.067 A in BMT have been 
previously reported. 6 

The crystallographic structure of BMT is known to be 
similar to that of Ba(Sr 1/3 Ta2/3)0 3 , based on the P3ml space 
group. The perovskite structure consists of close-packed lay¬ 
ers of Ba and oxygen ions perpendicular to [111], with Mg 
and Ta ions occupying the octahedral holes between the lay¬ 
ers. When fully ordered, the Mg 2 * and Ta 5 * ions form planes 
parallel to the dose-packed layers with a three-layer repeat 
sequence (two layers of Ta s * ions and one layer of Mg 2 * 
ions). The ordering parameter 5 is defined as follows: 


FIG. 1. typical x-ray diffraction pattern of BalMg^Ta^lOj: (a) ceramic 
powder calcined at 1500 *C for 3 h showing weak ordering; tb) ceramic 
sintered at 1655 "C for S h showing strong B-site ordering; and (cl single 
cryatal (powder) grown by LHPG showing an ideal simple cubic perovskite 
structure with a *4.0877 A. BMT ceramic XRD patterns are indexed as a 
hexagonal perovskite structure with a =5.7731(6) A and c* 7.0941(2) A. 


I (^ 100^1 to)ob» 

’ (/l(K)/fllo)onier’ 


( 2 ) 


where (/ioo/fno)obi « the ratio of observed intensities be¬ 
tween the superstructure 100 and the simple cubic 110 dif¬ 
fraction peaks. The ratio of intensities for a completely or¬ 
dered structure (fioo^no)order is calculated to be 8.3/100. 
The value of 5 varies from 0 for disordered to 1 for complete 
ordered powder. The ordering was found to be nearly 100% 
in the case of Fig. 1(b). 

Various sintering conditions were evaluated to obtain 
high density ceramic samples. Samples sintered at 1600 S C 
for 3 h were 91.8% of theoretical density. Successive im¬ 
provements in density were obtained for sintering tempera¬ 
tures above 1650 °C for prolonged times. A highly densified 
sample was obtained after sintering at 1655 °C for 35 h while 
the sample was embedded inside a prefired (at 1670 °C) 
SKAli/2Ta J/2 )0 3 powder. 10 Well-sintered ceramic pellets with 
a 99.7% theoretical density and a 5-10 fun grain size were 
produced. The sintered BMT disks were translucent, with a 
light yellowish color. 

Single crystal fibers of BMT were difficult to grow. 
Since there was no single crystal available to be used as a 
seed, both feed material and the pulling seed were ceramics, 
prepared as previously described. The primary difficulty was 
due to the extremely high temperature necessary to sustain 
stable growth from the melt. The actual molten zone tem¬ 
perature was observed to be as high as 3100 °C. At such high 
temperatures, vaporization of residues of simple oxides such 
as MgO could take place at the hot spot, due to the tempera¬ 
ture gradient and nonuniformity (if present) of the molten 


J. Appl. Rhys.. VW. 79. No. 9.1 May 1994 


Quo. Bhaiia. and Crow 4709 




zone. Therefore, careful alignment of the sample and precise 
control of the molten zone shape were critical. 

A single crystal BMT was grown using ceramics as the 
feeding rod (—0.45 mm : in cross section! and pulling seed 
(—0.12 mm : in cross section). A mass conservation relation 
was used to adjust the growth parameters, 

RfdfS 2 =R,d], (3) 

where R, and R t are the translational rates of the feed rod (f) 
and the seed rod (s), d f and d, are the linear dimensions of 
the feed and seed rods, respectively, and 5 is the ratio of 
linear shrinkage between the ceramic and crystal (this needs 
to be experimentally determined for individual materials). 
BMT single crystal fibers, ranging from 300-1000 pm in 
diameter and 1-2 cm in length using pulling rates iR t )ot 0.5 
to 1 mm/min were grown. The S ratio was determined for 
each batch of ceramic preforms and was found to vary be¬ 
tween 0.697 and 0.714. The molten zone temperature during 
a growth run was measured to be 2960-3112 °C, with an 
accuracy of ±30 *C. 

A powder x-ray diffraction pattern of the BMT crystal 
fiber grown by LHPG [Fig. 1(c)] reveals a simple cubic sym¬ 
metry with unit cell parameters a =4.0877, V=68.301 A 3 , 
Z = 1 and p= 7.635 (g/cm 3 ), and no B-site ordering. The high 
temperature phase persisted to room temperature as the 
B-site ordering is inhibited during fiber growth due to 
quenching effects produced by the high growth rates and 
steep axial temperature gradients employed in LHPG 
growth. The high temperature disordered phase has not been 
previously reported. This high temperature phase is very 
stable and no appreciable B-site ordering was found after 
annealing the crystal at 1600 °C in air for 3 h. 

As-grown BMT crystals were colorless and transparent. 
No clear facet can be seen in a fiber of a 500 /un diameter. 
The [112] was found to be the growth direction (parallel to 
the fiber pulling direction) by Laue back-reflection photog¬ 
raphy. A Laue photograph of a single crystal BMT fiber with 
the beam parallel to the fiber growth direction is presented in 
Fig. 2. This pattern does not have a twofold symmetry axis 
normal to the plane. The [011] direction is 30° from the [112] 
towards the [110]. The [001] direction is 35° 16' from the 
[112] towards the [112]. 

Ceramic and single crystal BMT samples were analyzed 
quantitatively for their chemical compositions using electron 
probe microanalysis (EPMA, CAMECA SX-50) with spatial 
resolutions of 2 pm in surface area and 0.2 pm in depth. The 
relative analytic accuracy was ±2%. Chemical analysis 
showed that single crystal BMT grows congruently within 
the stoichiometric composition. The resultant composition of 
a BMT single crystal fiber as grown was found to be 
B*roM-o.oo 6 (M&. 3 i 3 i 0 .wTa 0672 *o.oo 3 ) 03 - Light colored re¬ 
gions of 1-2 pm in size in less perfect crystals (typically, at 
the beginning of the fiber growth) were found to be Mg- 
deficient, although no interruption in crystal growth continu¬ 
ity was found (within the resolution limit of the microscope). 
The Ba-.Ta.O ratio in these Mg-deficient regions was close to 
5:4:15. It is therefore hypothesized that Ba ! Ta 4 0 I 5, 11 a five- 
layer high temperature ABX 3 hexagonal structure deviating 
from ABX } stoichiometry, may have formed because some 
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FIG. 2. Laue back-reflection photograph of a single crystal BMT fiber with 
the beam parallel to the fiber growth direction I distance=3 cm). Beam is 
approximately parallel to [112]. 

face-sharing octahedral sites are unoccupied. The fiber sur¬ 
face does not show enhanced Mg deficiency, nor do fibers 
obtained from stable growth. It is postulated that MgO va¬ 
porization may have taken place during the initial stage of 
growth when the molten zone is neither uniform nor stabi¬ 
lized. It was reported that an intermediate BaTa 2 0 6 phase 
forms during the sintering process. 12 Similar phases were not 
found in our ceramic or single crystal samples, by either 
x-ray diffraction or EPMA. 

Dielectric properties of ceramic and single crystal 
samples were examined as functions of temperature in the rf 
region. The dielectric constant k of a single crystal BMT is 
presented as a function of temperature in the low frequency 
region in Fig. 3. Table 1 summarizes the dielectric properties 
of both ceramics and single crystals. It is a general trend that 
both the dielectric constant and the Q factor in bulk ceramic 
samples increase with increasing density, as does B-site or- 



FTG. 3. Dielectric constant measured as a function of temperature for single 
crystal BalMg^Ta^JOj. 
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TABLE I. Dielectric properties of BMT ceramics and single crystals syn¬ 
thesized under various processing conditions. 


BMT 

sample 

No. 

Sintering 

conditions 

°c x-ray 
density 

Order 

parameter 

S 

K 

(10 kHz,RT) 

Q 

1 10 kHz.RT) 

1 

1600 *C 

3 h 

91.8 

0.85 

21.17 

277 

t 

1630 *C 

10 h 

97.0 

0.92 

22.91 

3012 

-5980 

3 

1655 *C 

5 h 

99.5 

-1 

23-33 

9296 

4 

1655 *C 

35 h 

99.7 

-1 

24.97 

30.536 

-47,600 

Crystal 

fiber 

(LHPG) 

(Crystal) 

0 

25.9 

(at 10 IcHz) 
26-50 

(at 10 GHz)* 

3597 


'After Ref. 13. 


dering. Although the dielectric loss maintained a very low 
value (2.78X10 -4 at ambient temperature and <10 -3 at 80 
K and 10 kHz) in cubic single crystals, the highest Q values 
(up to 35 000 at room temperature and 10 kHz) were ob¬ 
tained in high density hexagonal ceramic samples. The di¬ 
electric constant k of the single crystal sample was measured 
by a cavity perturbation technique at microwave 
frequencies 13 and found to be comparable to the high density 
ceramic samples. Thus the individual effects of densification 
and B-site ordering on the dielectric properties of BMT can 
be determined. The dielectric constant increases with in¬ 
creases in bulk density, while Q essentially increases with 
the enhancement of B-site ordering. 

Thermal expansion measurements were conducted from 
room temperature to about 800 °C using a vertical push-rod 
dilatometer equipped with a high-sensitivity linear variable 
differential transformer (LVDT). The heating and cooling 
rates for thermal expansion measurements were regulated at 
1 or 1.5 °C/min using a microprocessor based temperature 
controller. The thermal expansion coefficients of BMT were 
measured in comparison to those of the YBCO superconduc¬ 
tor. As seen in Fig. 4, the thermal strain in BMT is a close 



FIG. 4 Therm*! expansion of BalMg^Ta^lOj and YBCO ceramic 
samples measured by the push-rod linear voltage differential transformer 
method. 


match to the average thermal strain in a ceramic YBCO 
sample. No structural phase transition is found within the 
measured temperature region. Thermal property matching of 
BMT is important for its potential application as a micro- 
wave substrate material for HTSC epitaxial films. 

An attempt was made to study the dielectric properties 
of BMT at different ordering levels by quenching the fully 
ordered ceramic samples at various conditions. The results, 
however, were not conclusive, primarily due to the poor 
quenching effectiveness of the sample. 

There has been no study reported previously on the melt¬ 
ing behavior of the BMT ternary compound. BMT has an 
apparent melting temperature (as measured by optical py¬ 
rometer during LHPG growth) that surpasses its simple ox¬ 
ides end members (BaO, M.P.=1923 °C; MgO, M.P. 
=2800 °C; and Ta 2 0 5 , M.P. = 1800 °C). This seems logical, 
as experimental results show BMT to be a congruent melting 
compound. It must be noted, however, that the molten zone 
temperature reported for stable single crystal growth repre¬ 
sents the upper-bounds of the melting temperature. Actual 
melting most probably takes place at a somewhat lower tem¬ 
perature. No oxide single crystals, to our knowledge, have 
been grown at such elevated temperatures directly from the 
melt. The feasibility of growing highly refractory material 
illustrates the unique advantage of the LHPG technique, as 
there is practically no limit on growth temperature because 
no crucible is needed nor is contamination introduced by 
means of a flux. 

The disordered BMT single crystal with high tempera¬ 
ture symmetry is not a “well-behaved” material from a di¬ 
electric characteristic point of view. The random distribution 
of B-site cations causes an overall reduction of 0.42% in 
molecular volume. The larger Mg 2 * cation (0.86 A) 14 is 
forced into a compressed state and the smaller Ta 3 * cation 
(0.78 A) 14 into a “rattling” state. The lower dielectric Q 
values obtained for single crystal samples compared to 
dense, and fully B-site ordered, ceramics is evidence of an 
overall increase (due to the 1:2 Mg 2+ :Ta 3+ ratio) in ionic 
polarizability arising from the rattling Ta 3+ cations. On the 
basis of classical dielectric dispersion theory, the loss factor 
D is approximately proportional to the damping constant. 
The damping constant is characteristic of the interaction of 
electromagnetic waves and electric dipoles associated with 
lattice vibrations, and attributable to lattice anharmonic in¬ 
teractions and lattice imperfections including impurities, dis¬ 
locations, and local strains. 13 It is therefore reasonable that 
the disordered single crystal BMT samples have a higher loss 
factor than fully ordered ceramics, even though their dielec¬ 
tric constants are comparable. 

The BMT lattice parameter of a =4.0877 A represents a 
lattice mismatch of 5.3% to the b axis of YBCO (b =3.883 
A), seemingly a less than ideal substrate for YBCO. How¬ 
ever, there has been no dear cutoff established for lattice 
parameter matches for “epitaxial” (or highly oriented) 
YBCO film deposition. Epitaxial YBCO thin films on MgO 
single crystals (with a mismatch of 8.5%) have been 
reported. 16 BMT single crystals have a twin-free cubic per- 
ovskite structure that is advantageous as a substrate, com¬ 
pared to some of the heavily twinned substrates (e.g.. 
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LaAJO, and NdAJ0 3 ). High temperature BMT single crystals 
grown by LHPG are twin free, of moderate dielectric con¬ 
stant. low dielectric loss, and good thermal expansion match¬ 
ing and are therefore identified as potentially suitable sub¬ 
strates for HTSC thin film deposition. 

The application of BMT as a substrate, in addition to its 
crystal fibers for microwave antenna applications, may be 
restricted due to growth difficulties. The skull melting 
growth technique 17 could presumably be used to grow BMT 
crystals of adequate size. The high melting temperature of 
BMT will not be a crucial issue when the material is used as 
an insulating layer between YBCO films in a multichip- 
module integrated structure because vapor phase deposition 
techniques (e.g., laser ablation and metal-organic chemical 
vapor deposition) rather than liquid phase growth methods 
will be utilized. 

IV. SUMMARY 

BMT single crystal fibers were grown successfully for 
the first time using the LHPG technique. Congruent growth 
from the melt was observed in the temperature range of 
2900-3100 °C. A simple cubic perovskite high temperature 
phase was obtained at room temperature compared to the 
hexagonal ordered perovskite structure usually obtained in 
ceramics. Dielectric properties of both a ceramic and a single 
crystal BMT were studied. BMT ceramic samples have ultra 
low dielectric loss (<1 X I0~ 5 at 90 K and 10 kHz) and good 
thermal compatibility (<r—9.0X10" 6 / °C) with YBCO super¬ 
conductors. A single crystal BMT has a cubic lattice param¬ 
eter a - 4.0877 A, representing an acceptable misfit for ep¬ 
itaxial growth of high T c YBCO superconducting films. 
Dielectric constants increase and saturate as the bulk densi¬ 
ties approach the theoretical values. Dielectric loss decreases 
with an increase in the B-site ordering. Single crystals of the 
high temperature disordered cubic form maintain a moderate 
dielectric constant (26.S at 10 GHz) and low dielectric loss 


(tan £=2.78xi0~ 4 at room temperature and at 10 kHz and 
<10~ s at 90 K). making this material unique for microwave 
device applications. 
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ABSTRACT 

Single crystal fibers of A(B1 1 / 2 B2 1 / 2 )03 perovskites type with compositions 
Si(Ali /2 Ta 1/2 )03 (SAT) and Sr(Al 1/2 Nb 1 /2)03 (SAN) were grown successfully for the first 
time, using a laser heated pedestal growth (LHPG) technique. Their crystallographic 
structures were found to be simple cubic perovskite with lattice parameters a=3.8952A (SAT) 
and a=3.8995A (SAN) that are close lattice matches to the YBCO superconductors. No 
structural phase transitions or twins have been found, and the average coefficients of the 
thermal expansion match well with the YBCO superconductor materials. We report that SAT 
is one of the most promising substrates to date for the epitaxial growth of HTSC thin films 
suitable for microwave device applications as it has low dielectric constants (k-1 1-12, at 
lOOHz-lOGHz and 300K) and low dielectric loss (~4x IO 5 at 10kHz and 80K), together with 
lattice parameter matching, thermal expansion matching and chemical compatibility with the 
high Tc superconductors (YBCO). 


* Part of this work was first presented at DARPA 3rd Annual High Temperature Superconductor Workshop, 
Sept 30-Oct .2. 1991. Seattle. Washington Related presentations were also made at DARPA/ONR 
Workshop on Substrate Materials for High Tc Superconductors. Feb.5-7. 1992. Williamsburg, Virginia. 



I. INTRODUCTION 


The rise of electronic technology utilizing high temperature oxide superconducting materials 
requires at the very least the mastering of processing of the epitaxial thin films of high Tc 
superconducting (HTSC) materials on suitable substrates and the understanding of their 
properties. Superconductor device applications demand that the substrate materials for HTSC 
meet sevt *1 requirements: lattice matching (or atomic structure matching) 1 to the HTSC 
materials for ideal epitaxial films: thermal compatibility in terms of thermal expansion 
matching over the temperature range of film processing and annealing (>900K) down to the 
operating temperature (90K); low dielectric constants for integrated circuit designs (<25 or 
ideally less than 10); very low dielectric loss (^lO* 4 ) at microwave frequencies (- 10GHz) and 
at low temperatures (90K) for microwave device applications; chemical inertia and 
compatibility with the HTSC thin film deposition; mechanically strong and scratch resistant. 
As a single crystal substrate is most desirable (as large as 4” in diameter), it is also vital that 
the crystal should be available at a reasonable cost. All the currently available substrates 
present some compromises. SrTiOj crystals of high quality and large sizes, though they are 
readily available and yield the best quality epitaxial thin films (primarily due to their close 
interatomic structure matching to the HTSC), have high dielectric constant (>300) arising 
from the phase transition near the working temperature (-11 OK). AUO3 sapphire single 
crystal substrates, which have low dielectric constant k and low loss at microwave 
frequencies, require a buffer layer to avoid chemical interactions with the YBCO. One of the 
substrates, probably the one most used currently, LaAlOj, though good in lattice matching 
and of reasonable dielectric properties, is heavily twinned and goes through a ferroelastic 
phase transition at ~435°C. 2 Table 1 lists some of the most commonly used substrates for 
comparison purposes. 
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The objective of our investigation was to screen various complex oxide materials to identify 
suitable HTSC substrate materials and to test the feasibility of single crystal growth by 
utilizing a laser heated pedestal crystal growth (LHPG) technique. The LHPG technique has 
several unique features that are of special importance for this task. These advantages include 
containerless crystal growth and therefore the capability of growing refractory materials (that 
have low dielectric losses in general); capability of growing both incongruently and 
congruently melting compositions; and rapid growth rates. Fiber geometry also provides one 
dimensional dielectric material that may by itself meet microwave antenna requirements for 
some special device applications. 3 

The compounds SrfAl^Taj^jOj (SAT) and Sr(Al 1/2 Nb 1/2)03 (SAN) were first prepared 
and tested to learn their crystallographic phases and their melting behavior by the group at the 
AT & T Bell Labs. 6 Ceramic samples were identified to have double cell cubic perovskite 
structure with a=7.795A and melting temperatures of 1900°C and 1790°C for SAT and SAN, 
respectively. On the basis of our understanding of the crystal chemistry-dielectric property 
relationships of various oxide perovskites. and the reports by the Bell Labs group that showed 
both the SAN and SAT melt congruently and produce a single phase of the perovskite 
structure after melting, we selected SAT and SAN as primary candidates in the 
A(B 11/2^21/2)03 complex oxide perovskite family for crystal growth and investigated their 
properties in relation to substrate applications. 

This paper reports two single crystals. Sr(Alj/2Ta I/2 )03 (SAT) and Sr(Al j /2 Nbi/2)03 (SAN), 
both of A(B1 i/ 2 B21/ 2 )03 complex oxide perovskite formula, grown by the laser heated 
pedestal growth technique. Their preparation, chemical analysis, crystal structures and 
dielectric and thermal expansion properties are reported. They have twin-free simple cubic 
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perovskite structures and attractive dielectric properties. They have potential to be used as 
microwave substrates for YBCO superconducting thin films. 

2. EXPERIMENTAL PROCEDURE 

2. 1 . Ceramic Preform Preparation 

Ceramic samples were prepared by solid state reaction, using conventional techniques. 

Several batches with various calcining and sintering conditions were prepared and the 
procedure was somewhat optimized through the study. Differential thermal analysis (DTA) 
was used to determine the minimum calcining temperature to achieve the desired phases and 
to select sintering temperatures. X-ray diffraction was used extensively to characterize the 
crystallographic phases and to adjust the processing conditions. Some of the processing 
parameters used are summarized in Table 2. 

2.2. Laser Heated Pedestal Growth: The Instrument 

The laser heated pedestal growth (LHPG) method has been shown to be a powerful method 
for rapidly growing small diameter single crystals, particularly oxides of high melting 
temperature, for both property studies and fiber devices." * The LHPG equipment used in this 
investigation consisted of a power source (water cooled, tunable flowing gas C0 2 55W laser), 
an optical layout, and a growth section. The molten zone temperature during a stable growth 
was monitored using an optical pyrometer with a linear dimension resolution of 0.1 mm. A 
schematic diagram of the LHPG station is shown in Fig. 1. Additional details can be found 
elsewhere. 9 

2.3. Dielectric Measurements 

Radio frequency dielectric constants and the loss tangent were measured using a General 
Radio 1621 Capacitance Measurement System. Three-terminal measurements were carried 
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out using a shielded sample holder. The accuracy of the measurement was in the range of 
±(10 - 50) ppm for capacitance measurement and ±(0.1 + 1 step in the least significant decade) 
for conductance measurement. The stray capacitance, lead and contact resistance were 
corrected during measurement by taking an open circuit measurement. The edge corrections 
of the measurement results were made using an empirical equation derived from the 
measurements on a family of fused silica samples: 

C =(0.02798 -Ln{— )-0.05922)P (1) 

t 

where Ce is the edge capacitance. P and t are the perimeter and the thickness of the sample in 

cm. 

Dielectric properties at microwave frequency were measured using resonance techniques 
equipped with an HP8510A network analyzer. Post resonance technique (the Hakki and 
Coleman technique 10 ) was used to measure the dielectric constants of the ceramic samples. 
Cavity perturbation technique 11 was used for the measurements on samples of thin rod (e.g., 
single crystal fiber samples) or bar-shaped. The Q factors (of microwave frequency) at liquid 
nitrogen temperature were measured by a transmission resonance technique. 

3. RESULTS AND DISCUSSION 

3.1. Crystallographic Phases in Ceramics 

3.1.1. SrfA||/2Tay2iQ3 

The presence of an intermediate phase. SrTa20g, was noticed in ceramic powders for 
calcining temperature between 1250°C and ~1550°C. and the phase disappeared after 
calcination at I550°C. Another intermediate phase. SrAliO.*, could also form and remain in 
the ceramic powder until the melting point (~1960°C) n when excess A1 was present. This 
intermediate phase could be harmful for single crystal growth, and therefore repeated grinding 
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followed by calcining was performed. A MgO crucible (instead of AI 2 O 3 crucible) was used 
to avoid excess A1 diffusion into the compound during the calcination process. The x-ray 
diffraction pattern for the SAT ceramics sintered at 1655°C for 5 hours is shown in Fig. 2 (a). 
The crystallographic phase of the SAT powder is a double cell cubic perovskite as reported 
by Brandle and Fratello . 6 with a lattice parameter a=7.7772A. The sharp ( 111 ), (311), (331), 
and (333) diffraction peaks indicate that the SAT has a strong tendency to form a B-site 
ordered (Al:Ta—1:1) perovskite structure. 

3.1.2. Sr(A1 1 / 2 Nb t 72)03 

As in the case of SAT. the presence of an intermediate phase. SrNb 2 0 6 , was found in the 
powder at a calcining temperature T-l150°C. This intermediate phase reacted with the 
remaining SrO and A1 2 0 3 to form pure SAN phase at a higher temperature (~ 1570°C). The 
SAN phase was found to be an ordered perovskite cubic phase with a lattice parameter 
a=7.7824A. The x-ray diffraction pattern for the SAN ceramics sintered at 1570°C for 24 
hours is shown in Fig. 2 (b). 

3.2. Single Crystal Fiber Growth and Crystallographic Phases 

Single crystals of SAN and SAT were grown successfully using the LHPG technique. Both 
the feeding rods (~0.45mm 2 in cross section) and the pulling seeds (-0.12mm 2 in cross 
section) were ceramics prepared as described in Section 2.1. SAN and SAT single crystal 
fibers of -500 pm in diameter and up to 3 cm in length (not limited) were grown using a 
pulling to feeding ratio of 1.5-2. All growths were performed in air. The stable molten zone 
temperatures during the crystal fiber growth were obtained using an optical pyrometer and 
were typically I862°C and 2030°C for SAN and SAT. respectively, with an estimated 
accuracy of ±30°C. 
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As grown SAT and SAN crystals were both chemically reduced. The SAN fiber was dark 
gray due to the reduction of Nb 5+ to Nb 4+ . No clear facet was observed for SAN fibers 
5004m in diameter. As grown SAT fiber showed a bluish color. Facets on SAT fibers 
- 5004 m in diameter can be seen. Fig. 3 shows a Laue photograph of a single crystal SAT 
fiber with the x-ray beam approximately parallel to [110], normal to the cleavage plane, and 
hitting the crystal in the direction perpendicular to the growth direction. The crystal fiber 
growth direction was found to be along [1 11], 54°44' from the [001], 

X-ray diffraction patterns, as shown in Fig. 4. revealed that the SAN and SAT crystal fibers 
grown by LHPG do not show B-site long range ordering (with only weak diffractions of the 
superlattice peaks) and as a result, have simple cubic symmetry. The crystallographic data for 
SAN and SAT single crystal fibers as determined by x-ray diffraction are: a=3.8995A, 
volume=59.295A 3 , Z=I and p=5.4758 g/cm 3 (for SAN), and a=3.8952A, volume=59.109A 3 , 
Z=l, and p=6.7306 g/cm 3 (for SAT). Their cubic lattices closely match the high Tc 
superconductor YBCO that has an orthorhombic symmetry with lattice parameter b=3.883A. 3 

The high temperature (disordered) phases existed to room temperature as the B-site orderings 
were inhibited during the fiber growth process because of the quenching effect produced by 
the high growth rates and steep axial temperature gradients employed in the LHPG growth. 
The high temperature disordered phases have not been reported previously in either SAN or 
SAT. The SAN fibers became colorless after annealing at 1630°C for 10 hours in air (no 
annealing effect was observed at 1000°C for 24 hours in flowing Oi). SAT became 
transparent after annealing in flowing O 2 at 1000°C for 24 hours. However, annealing 
treatments at these conditions did not cause significant or conclusive changes in the 
disorderedness of the structure as examined by x-ray diffraction. This observation suggested 
that their high temperature ideal cubic perovskite phases are stable. 
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3.3. Chemical Composition Analysis 

Cer ami c and single crystal SAN and SAT samples were analyzed quantitatively for their 
chemical compositions by using electron probe microscopic analysis (CAMECA, SX-50 with 
spatial resolution of 2pm on surface area and 0.2|im in depth). Relative analytic accuracy is ± 
2%. Chemical analysis showed that the single crystals SAN and SAT grow congruently 
within the stoichiometric composition. The assigned composition of an as grown SAT single 

crystal fiber was Sr^ O22±0.00l(^0.496±0.00l^ a 0 493±0 001 )^3 anc * was un if° rm across 
entire surface. As mentioned in the ceramic processing section, excess A1 in the compound 
may cause formation of an intermediate phase SrAl 2 0 4 . Electron probe microscopic analysis 
detected SrAJiC^ grains in the SAT ceramic sample. It is evident from the microscope study 
that the SrAl 2 0 4 phase (a hexagonal stuffed tridymite structure with a=5. 10 A, c=8.49A, 
MP~1960 o C) 13 is formed before the densification temperature is reached as the SrAl 2 0 4 
grains are fully enclosed by SAT grains. Crystal fibers of SAT, however, are not affected by 
the intermediate phase as the growth zone temperature is higher than the melting temperature 
of the intermediate phase. Improvement in crystal quality is expected after the powder 
preparation process is modified to avoid the SrAl 2 0 4 phase. 

The composition of an as grown SAN single crystal fiber was found to be 
Sr 0.93l±0.006( A1 0.463±0.005 Nb 0 550±0 004) o 3’ comparison to the composition. 

Sty 940(^0 477^0 538 ) 03 . found in the SAN ceramic sample. The reason for the off 
stoichiometry on the cation ratio for both the ceramic and single crystal samples is not yet 
clear: however the congruent melting and growth behaviors were confirmed through the 
similarity between the ceramic sample and the crystal sample. Avoiding the formation of the 
intermediate SrAl 2 0 4 phase in ceramics may be more important for improving the 
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stoichiometry and quality of SAN single crystals than for SAT. because SAN crystals were 
grown at relatively lower temperatures. 

3.4. Dielectric Properties 

Dielectric properties of the SAN and SAT samples were examined as functions of 
temperature and frequency. Table 3 summarizes the dielectric properties of high density SAN 
and SAT ceramic samples. Their dielectric constants as functions of temperature in the low 
frequency range and as functions of frequency at room temperature are shown in Fig. 5 and 
Fig. 6. 

Dielectric constant as low as 11-12 for the SAT sample is of special significance for substrate 
applications as. we believe, it is one of the lowest dielectric constants reported for the 
complex oxide perovskite family. It is the oxygen ionic polarizability that sets the baseline 
limitation to the dielectric polarizability iu the oxide perovskite family. SAT, therefore, seems 
to be a special example in complex oxide perovskite compounds of cubic structure for further 
studies on polarization mechanisms. 

More study on the effect of B-site ordering on various properties including dielectric 
properties is required. On the basis of our experimental results on another oxide perovskite, 
Ba(Mgi/ 3 Ta 2 / 3 > 03 , M the dielectric constant increases with the increase in the bulk density 
(does not strongly depend on the B-site ordering); while dielectric loss factor decreases with 
the enhancement in B-site ordering. 

3.5. Thermal Expansion Behavior 

Thermal expansion coefficients of SAN and SAT were measured and compared to the 
thermal properties of the YBCO superconductor. The measurement was carried out from 
room temperature up to about 800°C by using a vertical push-rod dilatoineter equipped with a 
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high sensitivity linear variable differential transformer (LVDT). The heating and the cooling 
rates for thermal expansion measurements were regulated at 1 or I 5°C/min using a 
microprocessor based temperature controller. 

Good thermal expansion match was found in both SAT and SAN samples (the thermal 
expansion coefficients. a= 9.7x1 O' 6 / 0 C (SAT) and a= 8 . 8 xlO- 6 /°C (SAN)) compared to that of 
the YBCO single crystals (a a = 14. a^-9. and a c = 19xlQ- 6 /°C). 4 No structural phase transition 
was found in the measured temperature region. Fig. 7 shows the average linear thermal 
strains of SAN. SAT, and YBCO ceramic samples as a function of temperature. Thermal 
property compatibility of the substrates with HTSC films is critical for epitaxial film growth, 
in terms of determining the deposition and annealing temperatures, possibility of producing 
thick films, and reducing the degradation process in films and devices under working 
conditions. 

3.6. Microhardness 

Vickers hardness on the single crystals SAN and SAT grown by the LHPG technique was 
measured by using a Leitz Miniload Hardness Tester. The side of a single crystal fiber 
perpendicular to the fiber growth direction was ground and optically polished. The 
indentation diameter resulting from the diamond indentor was measured using a micrometer 
scale etched into the microscope eyepiece. Five indentations were measured for each 
different load (200 to 500 gram) and the resulting values were averaged. 

The Vickers hardness was calculated by a formula: H,. (lO* N nr ) = 18.1854 P d 1 , where P 
is the measuring force in grams and d is the mean value of the indentation diagonal in pm. 
Preliminary results of the microhardness measurer ents are given in Table 4. Comparative 
studies on the hardness were also performed under the identical conditions on the single 
crystal ANO 3 and quartz, for those are well characterized for their high value of hardnesses. 
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The literature values of their hardness are also given. 

It is not surprising that both SAT and SAN have liigh values of hardness. High bonding 
strength in the ionic compounds and the small size of cations on both A and B-sites may be 
responsible for these high values. 

3.7. General Comments 

Comparing SAN and SAT, it is interesting to notice the similarities and dissimilarities in the 
Nb- and Ta-compounds. In spite of all the similarities of SAN and SAT (e.g., identical 
structure type, similar lattice parameters, similar thermal expansion properties), there are a 
number of distinct differences between them. SAT has a higher melting temperature, higher 
hardness, lower dielectric constant, lower dielectric loss over broad ranges of temperature and 
frequency, and less reduction problem during growth. These differences between SAT and 
SAN are not unique to these two materials, but are common to all Nb-compounds and their 
analogous Ta-compounds. It is impossible to explain the reason of those differences by, for 
instance, simply considering the bonding strength (as they have the same valence and 
coordination numbers), or on the basis of available ionic polarizability data 15 (aj Ta5+ =4.73A 3 
and a ,Nb5+ =3 

.97A 3 that would predict a lesser polarizability for SAN than SAT). It seems to 
us that the electronic structure differences may have caused the Ta-0 bouding to be less ionic 
in nature and somehow enhanced the bonding strength. Detailed understandings and 
modeling are beyond the scope of this paper. 

Considering all the suitable substrate requirements. SAT seems more desirable primarily due 
to its low dielectric coustaut. The drawbacks are the difficulty in crystal growth as SAT has 
higher melting temperature. The (110) cleavage plane in the SAT crystals does not seem to 
present a problem as cleavage is primarily determined by crystal structure and is only 
secondarily related to chemical composition. 
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Chemical compatibility of SAN and SAT substrates with YBCO was tested by spin coating 
YBCO films on SAN and SAT ceramic disks using the sol-gel technique . 16 No chemical 
interactions were observed, and the YBCO film formed was of good crystal quality with 
T C ~90K. Therefore it is concluded that the chemical compatibility of SAN and SAT with 
YBCO is good. 

We believe that further modification of the SAN and SAT compositions to fine tune their 
properties, particularly reducing their melting temperatures, will lead to easier fabrication of 
the crystals and better control of the reduction problem of the Nb 5 * and Ta 5+ . Work 
following this direction will be the content of separate publications. 

Using SAT polycrystalline materials as targets in a pulsed laser deposition process, Findikoglu 
et al . 11 •** have reported high quality epitaxial (c-axis orientation) growth of thin films of SAT 
and multilayers of YBCO/SAT on (001) LaAK >3 and MgO substrates. Dielectric constants of 
the SAT films (-100-390nm thick), however, were found to be -23-30, notably higher than 
the value (k~ 12 ) found in bulk ceramic materials. The deviations from perfect cation 
stoichiometry in the films may be one of the causes for the discrepancy in the value of the 
dielectric constants as the Al/Ta ratio in SAT films was found to be -0.8 rather than the 
stoichiometric ratio of unity . 1718 No dielectric loss data was reported for the SAT films 
therefore direct comparison between the dielectric constants of the film and the bulk SAT 
samples is not possible. The dielectric properties (k~ 12, tan5<10 ' 3 at room temperature and 
lKHz) of SAT ceramic samples are reproducible. Consistent results have also been given by 
independent dielectric property measurements on the same SAT ceramic samples . 19 

4 SUMMARY 

We have investigated single crystals of SrfAlj^Nb 1 / 2)03 and Sr(Al 1 / 2 Ta 1 / 2)03 as substrate 
materials for epitaxial thin film fabrication of the high Tc superconductors. Single crystal 
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fibers of SAN and SAT were grown using a laser heated pedestal growth technique. Crystal 
structures, dielectric properties, thermal expansion properties, and hardness test results are 
reponed. Both SAN and SAT are of ideal cubic perovskite structure with a lattice parameter 
in close match to YBCO and can be explored further for device applications. SAT currently 
represents one of the best potential HTSC substrate materials for microwave applications. 

The unique feature of this material is that it combines desired dielectric properties (dielectric 
k-12 . loss factor tanS<10' 4 ) at microwave frequencies with a twin-free lattice and good 
thermal expansion matching along with chemical compatibility. 
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TABLE CAPTIONS 


Table 1. Most commonly used high Tc superconductor substrates. 

Table 2 . Ceramic processing conditions for SrfAlj^Nb 1 / 2)03 and SrlAl^Ta 1 / 2 ) 03 . 

Table3. Dielectric properties of Sr(Ali/ 2 Nbi/ 2)03 and SrfAl^Ta 1 / 2)03 

Table 4. Vickers hardnesses data for StfAlj^Nb 1 / 2)03 and SrfAl^Ta 1 / 2)03 single crystal fibers 
(on planes perpendicular to the growth direction). 
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FIGURE CAPTIONS 


Fig. 1. Schematic diagram of the laser heated pedestal growth station. 

Fig. 2. X-ray diffraction patterns of (a) SAT ceramic sintered at I655°C for five hours and (b) 
SAN ceramic sintered at 1570°C for 24 hours. 

Fig. 3. Laue photograph of a single crystal SAT fiber with the x-ray beam hitting the crystal in 
direction perpendicular to the growth direction at the cleavage plane. 

Fig. 4. X-ray (powder) diffraction patterns of single crystal: (a) SAT and (b) SAN. 

Fig. 5. Dielectric constants of SAN and SAT ceramics at 10 kH' T as functions of temperature. 

Fig. 6. Dielectric constants of SAN and SAT ceramics as functions of frequency at room 
temperature. 

Fig. 7. Thermal strain measured by using vertical push rod linear voltage differential transformer 
dilatometer. 
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Table 1. Most commonly used high Tc superconductor substrates. 


Substrates 

Symmetry, 

Lattice 

Constants (A) 

Dielectric 
Constant 
k (at RT) 

Thermal 
Expansion a 
(xlO-W) 

Comments 

YBajC U3O7.5 

Ortho. 

a=3.836 
b=3.883 
c= 11.68 
(Ref. ') 


<Xa=M 

Ob=9 

a c =19 

(Ref. 1 ) 


SrTi0 3 

Cubic 

a=3.905 

>300 

10.6 

Good epitaxial YBCO film; high 
dielectric constant 

LaA10 3 

Rhomb. 
a=3.789 
a=90.12° 

23 

10 

Structural phase transition at 
—435°C; heavy twinning 

AljO] 

Rhomb. 

a,b=4.7586 

c=12.9897 

y=120° 

Ka=9.34 
K c =l 1.54 

6 

Poor lattice matching; poor 
thermal expansion matching; 
chemical interactions with 

YBCO (buffer layer often 
required). 

MgO 

Cubic 
a=4.2114 

9.65 

10.4 

Reasonable cost; easy to cleave; 
large lattice mismatching. 

YSZ 

(Zr«. 7 iY 0 2 ,Oi. M2 ) 

Cubic 
a=5.16(2) 

26 

4.5 

Chemical interactions with 

YBCO, BaZr0 3 forms at the 
interface (buffer layer often 
required). 


i 
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Table 2. Ceramic processing conditions for Sr(Al 1 / 2 ^ 1 / 2)03 and SrfAl^Ta 1 / 2 ) 03 . 


Composition 

Starting 

Chemicals 

(purity) 


Calcination 

Condition 

Sintering 

Condition 

Density 

(g/cm 3 ) 

Sr(Al|/ 2 Nb 1 / 2)03 

SrCC >3 

(4N) 

1570°C for 

1600°C for 

5.051 


AliO^ 

(3N5) 

three hours 

three hours 

(91.7% 


NbjO; 

<4N) 



theoretical) 

SifAli/^Ta 1 /1 ) 0 ^ 

SrCO-j 

(4N) 

1600°C for 

I620°C for 

6.537 



(3N5) 

three Iiours 

four hours 

(96.6% 


TaiOs 

(4N) 



theoretical) 
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Table 4. Vickers hardness data for SriAl^iNb 1 / 1)03 and Sr(Al|/iTa 1 / 2)03 single crystals (on 

planes perpendicular to the growth direction)- 



H v { GFa) 

Material 

(averaged for /M).2-0.5N) 

SAT Crystal Fiber (_L Growth Direction) 

15.113.3 

SAN Crystal Fiber (_L Growth Direction) 

9.111.2 

Sapphire Crystal Fiber(J_c) :u 

18.112.1 

Quartz (//c ) 20 

9.311.2 






Schematic Drawing of the Laser-Heated Pedestal Growth Station. 
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ABSTRACT Dielectric properties of Ba(Mgi/ 3 Ta2/ 3 )0 3 in forms of ceramic, 
single crystal fiber, and polyethylene composite at microwave frequencies were 
measured. The dielectric constants 23.33, 24.30, and 26.50 and the quality 
factors 8,050, 6,430, and larger than 2,000 at 10 GHz were measured for the 
ceramic, hot pressed ceramic and the fiber respectively. The powder was 
studied by forming composites of Ba(Mg 1 / 3 Ta2/3)0 3 - Polyethylene. It is 
found dial the experimental dielectric constant values at X band frequencies Fit 
reasonably well to the logarithmic mixlurc rule. A newly reported mixing 
equation by Wakino el al. was studied by comparing with our experimental 
results. 


I. INTRODUCTION 

The A(B', /3 B"2/ 3 )0 3 (A=Ba 2+ ,Sr 2+ , B'=Mg 2+ ,Zn 2+ ,Mn 2+ , B”=Nb 5+ ,Ta 5+ ) 
perovskile compounds have been reported fur the application of microwave dielectric 
resonator Cl. These materials have dielectric constants 22 to 41 and low dielectric 
losses. Ba(Mgi/ 3 Ta2/3)0 3 (BMT) is one of the perovskile compounds which has been 
reported with dielectric constant about 25 and Q values 5,000 to 30,000 al 10 GHz l 2 
4 ) (Table 1). The single crystal of BMT is recently identified to be one of the potential 
substrate materials for high Tc superconducting thin film at microwave applications 
(3). It is cubic with a lattice constant a= 0.4088mn comparing to the YBCO 
superconductor a= 0.3820nm, b= 0.3892nm. The dielectric constant 25 is suitable 
for many microwave device applications. Its very low loss makes it a good candidate 
for substrate and support structure for superconductor antenna l fi l. 
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TABLE 1 Reported Microwave Dielectric Properties of BMT Ceramics. 


f(GHz) 

£' 

0 

Ref. 

10 

25.4 

5.000-30.000 

12] 

10.5 

25 

16,800 

[31 

7 

25 

10,200 

_ 


In this paper, we report the dielectric properties of BMT samples prepared in 
various forms at microwave frequencies. Dielectric constants and quality factors of 
die ceramic, hot pressed ceramic, and single crystal fiber of BMT were systematically 
studied using different microwave measurement techniques. 

The dielectric constants of 0:3 composite samples, xBMT: (l-x)Polyethylene 
(PE) made by various volume percentages of PE and BMT powders were measured 
at X band frequencies. The experimental results were then compared with the 
logaridunic mixture rule and a newly reported mixing equation by Wakino et al. l 7 J. It 
is found that the experimental data fit reasonably well with the logarithmic rule and 
Wakino's equation. By extrapolating the measured values of dielectric constant, the 
dielectric constant of pure BMT are also estimated. 

II EXPERIMENT 

(1) Sample Preparation 
(a) Ceramic Sample 

Ceramic specimens of BMT were prepared by solid state reaction using 
conventional techniques. Weighted from high purity magnesium oxidc(3N5), 
tantalum penta oxide(4N), and barium carbonalc(gradc 1), the starting powders were 
mixed, ball milled, dried, and ground. Well mixed fine powders were calcined in an 
alumina crucible at I,500°C for three hours. Calcined BMT powder was 
characterized by XRD to confirm the single phasc(!Icxagonal, a= 0.5773nm, c= 
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0.7094nm). The powder with added nonaqueous hinder were pressed using a 
hydraulic uniaxial press into circular pellets. The binder was burned out at 350°C for 
about 3 hours. The binder-free green pellets were sintered at temperature between 
1,600 to 1,670°C for various soaking time. Well sintered sample with high density 
and fully ordered hexagonal perovskite phase were produced. 

The hot pressed BMT ceramic sample was provided by Dr. W. Wersing of the 
Siemens Company. The ceramic sample was prepared essentially using the similar 
process with additional grain growth and dcnsification by means of hydrostatic 
pressing at elevated temperatures. 

(b) Single Crystal Fiber 

The laser heated pedestal growth technique was used to grow the BMT single 
crystal fiber 1*1. A molten zone was formed on the BMT feed rod by a CO 2 laser and 
supported by the surface tension. A seed crystal was placed in contact with the molten 
zone and the fiber was grown by pulling out of the molten zone with the feedrod 
moving simultaneously into the molten zone. The pulling and feed rates were 
controlled in range of 0.3 to 1 mm/min with relative 1:2 reduction ratio. Both the feed 
rod(0.7mm*0.7mm in cross section) and the seed rod(0.35mm*0.35mm in cross 
section) were cut from die ceramic pellet. A 1112] oriented as grown BMT single 
crystal fiber with diameter 0.48 mm was used for measurement. 

(c) Composite Sample 

The ordered and single phase BMT ceramic powder and high purity and low 
density(0.9I5 g/cm 3 ) PE powder with reported dielectric constant 2.25 and quality 
factor 2,500 at 10 GIlz 1*1 were used for preparing the composite samples. Suitable 
amounts of PE and BMT powders were mixed using alcohol as a solvent with ZrC >2 
balls in a plastic jar by ball milling for more than 10 hours. After the well mixed 
suspension was stirred and evaporated to almost dry state, it was then baked in at 
80°C in an oven for 4 to 5 hours to obtain the complete dried powder mixture. The 
mixture was then pressed using a steel die at a temperature of 125°C(ihe melting point 
of PE is 115°C) and under a pressure -7,000 Ib/in 2 to make slab samples. 
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(2) Mixture Rules for the Composite Samples 


A scries of studies on the mixture rules arc available in the literature I 9 ). The 
logarithmic mixture rule is one of the most suitable mixing rules. The logarithmic 
mixture rule applies well in the case of high dielectric constant phase dispersed in a 
low dielectric constant matrix which is adequate in the present case of BMT dispersed 
in the PE matrix. In addition, the logarithmic mixture has the advantage of having a 
very simple relation for deriving die extrapolated dielectric constant values from die 
measured results. Recently, Wakino ct al. I 7 I reported a new mixing equation. 


(V,-v 0 ) 


= V,e 


<v,-v D ) 


1 Si 


+ V, e , 


(v,-v 0 ) 


2S2 


( 1 ) 


where e r , e r i, and e r 2 are dielectric constants of composite, materials 1 and 2 and Vi 
and V 2 arc the volume fractions of materials 1 and 2 respectively. The V 0 is about 
0.35. For Vi=V 0 , this equation is the same as the logarithmic mixture rule. They 
claimed that diis new equation is by far die best among the odicr equations reported 
till now. 

In diis paper, die logarithmic and die new mixture rules are used to compare widi 
our measured dielectric constant values of composite samples. The predicted dielectric 
constant of BMT by extrapolating the dielectric constants of various composite 
compounds is also given. We found our measured data fit well to the logaridimic rule 
and to die new reported equation. The predicted dielectric constant of BMT by using 
the log rule to extrapolate the measured values to 100% BMT volume percentage is 
-23. 

Because the surface conditionsfroughncss and porosity) of the composite 
samples could not be precisely controlled the quality faclors(Q- l/tan6) of the 
samples arc not of very precise values. The estimation of Q values by this powder 
mixing method is not adequate without solving die surface condidon problems. 
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(3) Measurement Methods 

The dielectric constant of the two BMT ceramic samples were measured by lire 
Hakki and Coleman post resonance technique U°1 and the quality factor was 
measured by a cavity resonator transmission method i * * I. The dielectric properties of 
fiber were measured by the cavity perturbation technique Tlie dielectric 

constants of composite samples were measured by the cavity perturbation technique 
and the SI 1 and S21 transmission and reflection method ( ,4 l Since the bad surface 
conditions of the composite samples as mentioned before, two different methods 
were used to ensure accurate results. 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 
(1) Ceramic and Fiber Samples 

The dielectric constants and quality factors of the BMT ceramic and fiber samples 
are listed in table2. The fiber sample has the highest dielectric constant followed by 
tlie hot pressed ceramic and the ceramic samples. However, the ceramic sample has a 
higher quality factor than that of the hot pressed sample. This agrees with the results 
on BMT reported by K. Matsumotn et al. l 2 l. They found the dielectric constant 
increases with increasing the relative density but the quality factor does not always 
increase with increasing relative density. Quality factors of both ceramic samples 
agree with the reported values. The quality factor of BMT fiber is higher than the 
capability that our perturbation method can measure where the highest Q value can be 
accurately measured is about 2,000l ,3 L 


TABLE 2 Dielectric Properties of BMT at 10 GHz. 
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(2) Composite Samples 

The dielectric constants of composite samples with various volume percentages 
were measured by the SI 1 & S21 technique and the cavity perturbation technique. 
Good agreement between die measured results obtained from these two techniques 
was desired to ensure correct measurement results. Fig.l shows the results measured 
by the Sli & S21 technique at X band frequencies. Table3 shows the average 
dielectric constant values at X band frequencies plotted in Fig.l and the results 
measured by the perturbation technique at 10 GHz. The measurement results by the 
two techniques have differences <5%. The average dielectric constant value by these 
two methods was used for extrapolation on estimating the dielectric constant of pure 
BMT. In Fig.2, the measured results arc compared with the Wakino's equation, and 
the logarithmic rule. It was found the measured results fit well to the logarithmic rule 
and to the equation (1). By using the logarithmic mixture rule, Uie extrapolately 
estimated dielectric constant value of pure BMT ceramic is -23. Comparing to the 
reported dielectric constant -25 on BMT l 2 **'!, the difference is 8%. However, if we 
compare this value with the values of lablc2, the differences arc 1.4% and 5.3% 
respectively. 


TABLE 3 Dielectric Constants of the BMT-PE Composite Samples. 


Volume % 

E* 


— Ill 1 1 !■ 

r 

Perturbation 

100% TE 

2.25 


2.29 

9.05% BMT 

3.09 


3.16 

19.3% BMT 

4.10 


4.01 


37.5% BMT 6.09 5.91 
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* 58.1% DMT 


♦ 37.5% DMT 

• 19.3% BMT 

* 9.05% BMT 

• 100% PE 


FIGURE 1 Dielectric Constants of BMT-PE Composites 
Measured by the Si 1 and S21 Technique. 



FIGURE 2 Companion of Experimental Data and Theoretical 
Expressions. 
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VI CONCLUSION 


TIic dielectric properties of BMT of various forms are reported ill diis paper. Due 
to lltc moderate dielectric constant and very low loss value in litis matciial, it is a very 
attractive material for various microwave applications. Our measurements on the 
dielectric propci lies of ceramic samples are close to die reported values. Single crystal 
fiber has shown higher dielectric constant value titan that of ceramic samples. 

Dielectric constant of composite materials with various mixture volume 
percentages of BMT and PE have been investigated in X band frequencies. We found 
our measured results agree widi the new reported equation and with the logarithmic 
rule. With dtc estimation on the dielectric constant of 100% volume percentage BMT 
by the logarithmic mixture rule, this powder mixture method gave a reasonable 
prediction on the dielectric constant of BMT ceramic at X band frequencies. 
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MICROWAVE DIELECTRIC PROPERTIES 
MEASUREMENTS OF POTENTIAL HTSC 
SUBSTRATE MATERIALS 
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The dielectric properties of some potential substrate materials for the high- T c superconducting film 
were measured at 5 to 11 GHz by using different microwave resonance techniques at 300 K and 77 K. 
The dielectric constants and quality factors of ceramics Ba(Mg,^Ta, r ,)0„ SrfAI^Ta^JO,, Sr(Al,^Nb )a )0 3 . 
Sr(Ga,^Ta„ 2 )Oj, and their solid solutions with NdGaOj and LaAIO, were measured. These materials 
have shown dielectric constants in the range 10.7 to 26.9 and quality factors 1.750 to 35.200 at 77 K. 
Discussions about the suitable microwave measurement techniques are also given. The accuracies for 
both the dielectric constant and the quality factor measurements are within 2%. 

Keywords: Substrate, microwave measurement, dielectric constant, dielectric loss 


I. INTRODUCTION 

The discovery of the high T c superconductors (HTSC) opened up the possibility 
of superconducting devices which can be operated with liquid nitrogen as the 
refrigerant. The low conductor loss and low dispersion characteristics of the su¬ 
perconducting films make it very attractive in many microwave devices. The re¬ 
quirements on the dielectric properties of substrate material at microwave fre¬ 
quencies for the superconducting film depend on the characteristic of the desired 
device. An UHF circuit requires a dielectric constant of 20 to 25; a low dielectric 
constant is not preferred as the package volume will be increased. However, for 
the application as the interconnects for a high speed system, low dielectric constant 
will be desired to increase the propagation speed. Generally, a quality factor (Q 
= 1/tan 8) larger than 1,000 would be required. For certain applications, 1 the 
requirement on quality factor may be as high as on the order of 10,000 or more. 

Recently, Ba(Mg l /jTa 2 / 3)03 (BMT), Sr(Al 1 / 2 Taj ^)03 (SAT), Sr(Al 1 / 2 Nb I/2 )03 
(SAN), and Sr(Ga I/2 Tai a )0 3 (SGT) were found to have good or adequate lattice 
matching and thermal expansion matching at the deposition temperatureo with the 
high T c YBCO superconductor. 2 In this paper, we report the microwave dielectric 
properties of the above materials and their solid solutions along with other two 
widely used substrate materials NdGa0 3 (NG) and LaA10 3 (LA) for HTSC film. 
These materials have shown good potential as the substrates for the HTSC film. 

We adopted four different microwave measurement techniques in our studies. 
Two of them are for quality factor measurements: i) the transmission type and ii) 
the reflection type method. The theoretical accuracy of these two techniques was 
given by M. Sucher. 3 Kajfez and Crnadak have compared experimental and the- 
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oretical accuracies. 4 They used a dielectric resonator inside a cylindrical cavity and 
measured both the transmission and reflection signals in the same cavity to calculate 
the Q factors of the dielectric resonator. They reported the major error for these 
two methods came from the amplitude resolution ability of the network analyzer 
and the errors are between 1% and 2%. Instead of using a same cavity, we adopted 
two different setups in the reflection and transmission methods respectively to 
compare the differences in Q factor measurement. We found our major error was 
not from the amplitude resolution ability of the network analyzer but from the 
uncertainty of the measurements. The advantages and disadvantages of these two 
methods will be discussed which are based on the critical analysis of measurements 
on various samples. Two more methods, i) the Hakki and Coleman post resonance 
technique and ii) the cavity perturbation technique, were used for the dielectric 
constant measurements. Good agreement of the measured dielectric constants and 
Q factors from different methods can ensure accuracy of our measurements. By 
using single method or single setup, the results of the microwave dielectric prop¬ 
erties can sometime be difficult to rely upon. Especially for the Q factor mea¬ 
surement. a standard is not always available. 


II. MEASUREMENT TECHNIQUES 


A. Room Temperature Measurements 

Four microwave resonance techniques were used in our studies. Setups of these 
methods included a HP8510A network analyzer for testing. A cylindrical cavity 
dielectric resonance technique as shown in Figure 1 was used to measure the 
0-factors. The transmission signal was tested. This method has been used for Q 
factor measurements on high Q materials. 5 6 Kobayashi et al. gave a detailed study 
on the theoretical background of this technique. 7 The specimen under test is put 
inside a copper cavity with inner diameter 3.0 cm and height 1.7 cm and on a 
styrofoam support of 6 mm height. It has been tested that the styrofoam support 
does not influence the measurements. By using supports with various sizes the 
results didn’t show significant changes (<0.5%). The TE 018 mode was used for 
measurements. The formula used for the quality factor calculation is 


= 1 _ 1 _ 

Q ~ Qo Q c 


0 ) 



d=3.0cm 



YZZZZZZZZZZZZZZZZZZZZZZZZZZ 


h=17cm 




^ Specimen 

MZZZZ2ZZZZZZZZZZZZZZZZZZZZ3 



FIGURE 1 Transmission dielectric resonance method. 
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where Q 0 is the measured unloaded quality factor and Q c is from the conductor 
loss. A DRESV31 program obtained from the University of Mississippi, USA, was 
used for the calculation of conductor loss. No program was used for the precise 
computation of the dielectric constant values. Generally, the conductor loss can 
be neglected when the dimension ratios d/D and h!L are larger than 3. 8 

In contrast to the cylindrical cavity dielectric resonance technique where the 
transmission signal was taken by the network analyzer, a reflection cavity dielectric 
resonance technique was used in which case the reflection signal was measured. 
The setup is shown in Figure 2. Like the transmission technique, this method has 
also oeen used for high Q factor measurements. 0 ,0 The support is made by the 





Specimen 





=//////////✓///////////////// 


Moveable 
shorted end 



FIGURE 2 Reflection dielectric resonance method. 
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Specimen 

FIGURE 3 Hakki & Coleman post resonance method. 
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styrofoam layer of 8 mm thick. The cavity is made by a C-band copper cavity with 
a shorted end. The position of this end is adjustable to have a best resolution of 
the resonance signal. The unloaded Q was calculated by using the expression, 3 



the ± sign accounts for the undercoupled case( + ) and overcoupled case(-). 
Expression for the dielectric constant is not available for this method. TE 016 mode 
was also used for this technique. The conductor loss is on the same order as that 
of the cylindrical cavity resonance technique. 

The Hakki and Coleman dielectric resonance technique 11 shown in Figure 3 was 
used to measure the dielectric constants of the ceramic samples. It is also a trans¬ 
mission type method. An unelectroded cylindrical shaped sample was put between 
two highly polished brass plates like posts. The formulae used for calculation of 
the dielectric constant are given as follows 12 : 


/o(ot) a K„(3) 

/,(ct) P *,») 

(3) 

(3W-] 

(4) 

(io) ( “ 2 + p2) + 1 

(5) 


This technique can also be used to measure the Q factor and the expression used 
for calculation is similar to Equation (1). The TE on mode was used for this method. 
A computer program developed in our laboratory was used for the calculations of 
dielectric constant and quality factor. Because the sample surfaces are in contact 
with the two metal plates, the conductor loss in this method is much higher than 
that of the above two techniques. For a material with Q factor larger than 2,000, 
the conductor losses are of the same order as of the dielectric loss, which influence 
very much the accuracy of the Q factor measurement. 12 For this reason, we did 
not use this technique to measure the quality factor. For simplification, we called 
the three techniques shown in Figures 1,2, and 3, as transmission, reflection, and 
post resonance techniques respectively in this paper. 

The cavity perturbation technique was used for the measurements on the thin 
rod or bar samples as shown in Figure 4. The specimen was put inside a X band 
rectangular copper cavity. This method has been widely studied and used for the 
microwave dielectric property measurements. 13-16 The dielectric constant is cal¬ 
culated by using the formula: 


, _ Vcifc - fs) 

2 vj s 


where V c and V s are the volumes of the cavity and sample, and f c and f s are the 
resonant frequencies without and with the specimen in the cavity. Thin bars of 
BMT and SAN cut out of ceramic blocks were measured by the perturbation method 
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FIGURE 4 Cavity perturbation method. 


to compare with the results obtained from the post resonance technique. The quality 
factors were not measured by this method because the Q factor measurement is 
limited to about Q < 2,000 for our cavity. 14 


B. Measurements at Liquid Nitrogen Temperature 

The Q factors at liquid nitrogen temperature were measured by the transmission 
resonance technique. The opened cavity was directly immersed inside a container 
of liquid nitrogen. Dried nitrogen gas was introduced in the container to assure a 
negligible humidity around the specimen. The cavity was then covered and sealed 
and the liquid nitrogen was finally poured into the container to cool down the 
cavity to liquid nitrogen temperature. 


C. Error Analysis for the Q Factor Measurements 

There are four major sources of errors for the Q factor measurements. The first 
error (£1) is the frequency bandwidth measurement error. For the HP8510A net¬ 
work analyzer £1 is about 0.5%. The second error (£2) is from the amplitude 
resolution error (A A in dB). The error can be calculated by using the expressions 3 : 

£2 = 0.23AA with 3 dB bandwidth measured, and 


£2 = 0.115 


1 + 7 yP, 


+ P 

max 1 1 m in ^ 


P ~P 

1 max J mm 



for the transmission and the reflection techniques respectively. For the transmission 
technique, the £2 is about 0.23% where A A is about 0.01 dB for HP8510A. The 
amplitude resolution of the reflection method depends on how sharp the trough 
is. £2 for reflection method varies from 0.5% to 1.0% for the depth of the trough 
changing from 5 dB to 40 dB. Another error (£3) is from the loss on the styrofoam 
support and the calculation error on the conductor loss. Since both of them are 
pretty small, the combined error is less than 0.5%. The total errors from the above 
three sources are less than 0.8% and 1.3% for transmission and reflection methods 
respectively. The last one (£4) is due to the uncertainty of measurements. This 
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error may come from different reasons: Temperature and humidity instability, 
bends on the measuring cables, exact position and imperfection of the specimen, 
and other unexpected reasons. The uncertainty of measuring the power level is an 
important factor in the reflection method which is calculated from, 3 

n + yi3/2 ( y p + p \\n 

£4 _ 0.5 V — 11 V M max Z ^p 

"y Pmax — ^*min 

A 1% power level error can cause the uncertainty error £4 on the level of 1.5% 
or higher for the reflection method. 


III. EXPERIMENTAL RESULTS AND DISCUSSIONS 
A. Measurement Techniques 

The results are listed in Table I. The errors at room temperature for the repeated 
measurements on the Q factors for the transmission resonance and reflection res¬ 
onance techniques on individual samples were less than 2% and 3 to 6% respec¬ 
tively. The 2% error for the transmission technique is a reasonable value when 
comparing with the theoretical value where the total error is —0.8% for frequency 
error (£1), amplitude resolution error (£2), and £3. The 1.2% difference may 
come from the uncertainty error (£4). It was also found the large error for the 
reflection method come from the uncertainty error in the power level. The reso¬ 
nance trough was very sensitive to the positions of the sample and the short end 
which caused the error in reproducibility. In order to reduce the uncertainty error 
in the reflection method to measure the Q factor, many measurements were made 
and the average values were calculated. The resulted Q factors for individual 
materials from the reflection method are higher than those obtained from the 
transmission technique. The differences are less than 9%. This result is reasonable 
because lower resonance frequencies were encountered in the reflection method 
and Q factors usually increase with decreasing frequency. The transmission reso¬ 
nance technique is a better technique for the Q factor measurement because of its 

TABLE I 


Dielectric properties of the measured materials 


'\Measurement 

>s{echniques 

Post resonance 
technique 
(300 K) 

Reflection 
technique 
(300 10 

Transmission 

technique 

Materials \ 

f(GHz) 

e ' 

f(GHz) 

Q 

f(GHz) 

m 

Q 

(77 K) 

BMT 

10.9 

23.3 

6.39 

12,600 

6.55 

12,300 

35,200 

SGT 

10.6 

26.9 

6.30 

7.840 

6.50 

7,500 

8,200 

SAT 

11.0 

10.7 

7.55 

2.900 

7.64 

2,750 

4,480 

7SAT-.3NG 

10.5 

20.7 

6.15 

2.760 

6.37 

2.620 

2.970 

SAN 

9.61 

18.3 

5.89 

1.170 

6.08 

1.080 

1.800 

.7SAN-.3LA 

8.06 

24.6 

5.31 

4,160 

5.45 

4,000 

6.500 

.7SAN-.3NG 

9.66 

24.9 

5.69 


5.83 

1.440 

1.750 


Cavity perturbation technique: 

BMT: e’= 23.1 at f = 8.59 GHz. 

SAN: _£'= 18.5_ atf» 10.2 GHz. 
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lower error factors. The measurements of Q factors at liquid nitrogen temperature 
by the transmission technique has a deviation of 3%. The higher error than that 
of the measurement at room temperature may come from the uncertainty of the 
temperature and humidity. The dielectric constant measurements on BMT and 
SAN by the post resonance and perturbation techniques have a difference less than 
1.5% (e' = 23.3 and 23.1 for BMT and 18.3 and 18.5 for SAN respectively), which 
establishes the accuracy of our dielectric constant measurements. 


B. Material Characteristics 

From the dielectric constant data in Table I, all the values are below 27. Different 
range of dielectric constants depending upon the applications are desirable. All 
the Q values of ceramic materials are larger than 1,750 at 77 K. The Q factors of 
single crystals of these materials could be improved further if the large size samples 
are available for the measurements. All the materials measured here have shown 
a potential as the substrate materials for the HTSC film devices in the microwave 
frequencies. 


IV. CONCLUSIONS 

Various dielectric resonance techniques have been used in the present study. The 
measurement errors in Q factor for the transmission technique is less than 2% 
which agrees well with the theoretical estimated value. We found, the major factor 
of error arising in the measurements was due to the uncertainty other than the 
amplitude resolution error reported by Kajfez and Crnadak. 4 It was concluded that 
the transmission resonance technique is a better method for the Q factor mea¬ 
surements. The reflection method has higher uncertainty error in Q factor mea¬ 
surements. It is suggested that a large number of measurements should be made 
and averaged to increase the confidence in accuracy of Q factor measurement. The 
post resonance method is not suggested as suitable for measuring the quality factor 
of material with Q larger than 2,000 unless the conductor loss can be precisely 
measured. Both post resonance and cavity perturbation techniques gave accurate 
measurements of the dielectric constants. 

All the suggested materials have suitable dielectric constant and high enough 
quality factor for the microwave application as substrate for high T c superconducting 
film. 


V. APPENDIX 


TABLE II 

Specimen dimensions used in measurements 



" BMT. 

| SGT 

p*r-| 

6.«aT- 

0.3NO 

5an | 

0.7SAN- 

0.3LA 

0.7SAN- 

0.3NG 

D(cm) 

1.148 

1.071 

1.258 

1.258 

1.258 

1.258 

1.258 

Ucm) 

0.333 

0.323 

0.547 

0.367 

0.537 

0.471 

0.363 
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ABSTRACT 

A modification to the field expressions on the simple hoh and Rudo- 
kas model for the TE nn mode of the parallel-plate open dielectric 
resonator is given. This modification is justified by the dramatic im¬ 
provement in the accuracy of resonant frequency prediction. © 1994 
John Wiley & Sons. Inc. 

1. INTRODUCTION 

Different theoretical analyses on the parallel-plate open di¬ 
electric resonator (PPODR) in Figure 1 has been reported in 
several publications [1-9]. The TE<»u mode is the one always 
studied and the held expressions are always quite complicated. 
Examples are the reports by Kobayashi, Fukuoka, and Yosh- 
ida [1] and Kobayashi, Aoki, and Kabe [2], where the infinite- 
series field expressions were used. Because the analysis re¬ 
quires quite complicated formulations, various simplified 
models have been also published [6-9]. To confirm the ac¬ 
curacy of their analysis, computation of resonant frequency 
was always accompanied by these publications to compare 
calculations with the experimental results. The Itoh and Ru- 
dokas model [6] is one of the more interesting ones. The 
accuracy of predicting resonant frequency by this model is 
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Figure 1 Parallel-plate open dielectric resonator 


not very good: however, it has the great advantage of dealing 
.. with very simple field expressions. 

In this article we tried to improve the simple Itoh and 
Rudokas model to give more accurate prediction on the res¬ 
onant frequency of the TE,,,, mode. The validity of this mod¬ 
ified model is established by comparing the results with the 
experimental values. 

II. FIELD EXPRESSIONS 

By using the Itoh and Rudokas model [6, 10], the electric 
fields of the TE«„ mode in regions 1 to 4 (denoted by the 
subscripts 1 to 4) can be derived as 


£*i = EJ { (k„r) cos (0,z - <M, (la) 

cos (&L + 4h) 

41 ° sinh (a,L,) 

x 7, (k^r) sinh a,(z + L, + L), (lb) 

cosfftf. + <fc.) 

* ~ 0 sinh(a 2 L 2 ) 

x Ji(kar) sinh g 2 (L 2 + L - z), (lc) 
f - f 

* *i(*o/) cos (ftz - 4> x ), (Id) 

where 


Mk^) Kulkov) 

J\(kda) 1 M KM^)' 

(2a) 

ki - - kl. 

(2b) 

0t = k 2 0 e r - k%. 

(2c) 

kq * 

(2d) 

<b\ + <th * 0, 

(2e) 

= tan' 1 coth 

- P/L, (20 

a 7J = ^ei ~ 

(2g) 


and the J and K are Bessel functions and modified Bessel 
functions, respectively. The magnetic field components can 
be easily derived from the above electric fields. Fields in re¬ 


gions 5 and 6 are postulated to be zero. The k^ and are 
obtained by substituting the Eqs. (2b) and (2c) in Eq. (2a). 

To increase the accuracy of this simple model, we modified 
the Eq. (2b) to the following: 


= 0ii - kl. 

(3a) 


(3b) 


This modification is based on the fact that the distance be¬ 
tween the two metal shields should be smaller than one half 
of the wavelength Ao to keep the system below cutoff condition 
[1, 2, 4], For h > ^12, the resonator is over the cutoff con¬ 
dition and k m becomes imaginary, as can be seen from Eq. 
(3). The modified Bessel function would be replaced by the 
Hankel function and the radiation loss dramatically increased 
[2]. The k a obtained from Eq. (3) is then substituted into 
Eq. (2a) to compute k„ by a simple numerical method. 

IIL COMPUTATIONS AND EXPERIMENTS 

To examine the validity of this simply modified model, we 
conducted computations on the resonant frequencies of three 
samples to compare with experiments for this PPOD reso¬ 
nator. For all the experimental confirmations in other pub¬ 
lications. dielectric constants larger than 35 were always 
adopted. In our research ceramic specimens with dielectric 
constants ( e r ) 10. 23, and 37 are used, which have diameter 
(2a, mm) x thickness (2 L, mm) 11.48 x 3.33.12.66 x 4.36, 
and 10.72 x 3.06, respectively. A styrofoam with dielectric 
constant 1.03 (e r |) is used as the sample support and the e r2 
is equal to 1.0. 

Tlie computational and experimental resonant frequencies 
are shown in Figure 2. The resonant frequencies of the Itoh 
and Rudokas model were computed by the DRESV2 program 
[10] (Copyright 1986 D. Kajfez). The modification in Eq. (3) 
gives dramatic improvement over the Itoh and Rudokas 
model on computing resonant frequency. The accuracy of this 
modified model is excellent at L\, L 2 < 5 mm. The results 
are surprisingly good for such a simple model. This modifi¬ 
cation method is still not perfect, as the experimental results 
do not exactly fall on the theoretically calculated solid curves 
in Figure 2. However, for such a simple model, these results 
are considered to be quite satisfactory. 



Figure 2 Numerical and experimental results of the resonant fre¬ 
quency 


MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 7. No. 5. April 5 1994 227 




















IV. CONCLUSION 

The simple ltoh and Rudokas model has been modified in 
this article. The theoretical resonant frequencies have been 
computed to compare with the experimental results. Although 
this modified method is not perfect in comparison with ex¬ 
perimental results, this presented method gives a very simple 
model to analyze the parallel-plate open dielectric resonator 
and has a much better accuracy in the computation of resonant 
frequency than that of the nonmodified ltoh and Rudokas 
model. 
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ABSTRACT 

Single crystal fibers of modified strontium aluminum tantalum oxide 
(l-xJSrCAl^Tai/^^xLaAlOs (SAT:LA) and (1 -x)Sr(Al j^Taj^OjixNdGaOj 
(SAT:NG), and modified strontium aluminum niobium oxide 
(1 -x)Sr(Alj^Nb 1/2 )0 3 :xNdGa0 3 (SAN:NG) and (l-x)Sr(Al 1/2 Nb 1/2 )0 3 :xLaA10 3 
(SAN:LA) were grown using a laser heated pedestal growth technique. 0.7SAT:0.3LA 
grows congruently and remains twin free simple cubic perovskite structure (as the SAT) 
when cooled down to room temperature. 0.7SAT:0.3LA crystals have moderate dielectric 
constant (10=21.7) and low dielectric loss (tan5=7.5xl0- 5 ) at 10 kHz and 90K. The 
reduction problem of Ta 5+ is eliminated (which is common in the case of SAT growth). 
0.7SAT:0.3NG and 0.7SAN:0.3NG have lower melting temperatures and crystal growth 
is easier. NdGa0 3 addition to the SAT and SAN enhances the potential of SAT and SAN 
as large area substrates for HTSC growth. However, the dielectric constants increased 
from k~ 12 to k~ 16 (0.7SAT.0.3NG) and from k~ 18 to k~ 23 (0.7SAN:0.3NG) as a result 
of NdGa0 3 incorporation. 






1. INTRODUCTION 


One of the recent interests in high Tc superconductor thin films has been to develop 
suitable substrate materials for microwave device applications. The ideal substrate for 
such application should satisfy the following conditions: [1] 1) the lattice constants (or the 
atomic arrangement) of the substrate should be closely matched to the high Tc 
superconducting thin films; 2) the substrates should have a low dielectric constant and 
dielectric loss at low temperature; 3) the substrates should not have any phase transitions 
that create micro twins and 4) if possible, the substrates should be readily prepared in large 
sections. (This often requires materials of moderate melting points suitable for 
Czochralski growth). Various single crystals such as SrTi03, LaAlC>3, LaGaC>3, AI2O3, 
MgO and yttrium-stablized-Zr02 (YSZ) have been used as substrates for the high Tc 
superconducting thin films [2,3,4]. However, these substrates satisfy only part of the 
above-mentioned conditions. 

We have been studying the crystal chemistry of perovskite oxides for quite sometime and 
we have proposed many complex oxides for substrate applications [5,6]. The results of 
our approaches presented in this paper are basically two-fold: (i) to control the twinning 
problem in LaA103 by introducing chemical modification to stabilize the cubic phase at 
room temperature and (ii) to lower the melting temperatures of the complex perovskite 
single crystals SrfAlj^Ta^C^ (SAT) and SriAl^Nbj^C^ (SAN) as a follow-up of our 
previous work [7]. 

LaAlOj, is a rhombohedrally distorted perovskite (A 3+ B 3+ C >3 type) with a pseudo-cell of 
a=3.789A, y= 90.12° and has a ferroic phase transition at ~435°C [8] that results in highly 
twinned crystal [9,10]. Although the La 3+ ion generally prefers the 12-coordination-site, 
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there is a trend for the 9-coordination. The distortion in the LaOj 2 polyhedron is brought 
about by a slight displacement of the oxygen atoms away from the ideal positions of the 
cubic perovskite-form, that is more clearly shown in other [rear-earth] 3 + A 103 family 
members when the A-site cation radius become even smaller, e.g., in the case of PrAlC >3 
[ 11 , 12 ]. 

In fact, no ideal cubic perovskite structure has been reported in ternary compounds of the 
[A] 3 + [B] 3 + C >3 type [13]. Fig. 1 presents a classification of [A] 3 + [B] 3 + C >3 type compounds 
according to the constituent ionic radii ( 8 -coordination cation radii were used for A-site 
cations) focusing on the perovskite region. The [LaAlC^] and [GdFeCty are the only 
perovskite-like regions in the figure. For aluminate compounds, the largest A 3+ cation, 
La 3+ , has rhombohedral symmetry and the other [A] 3 + [Al ] 3+ 03 compounds have even 
lower symmetry. 

It is therefore our approach in this study to introduce "balanced'' cation substitution 
simultaneously in the A- and B-sites by forming crystalline solutions of known end 
members to increase the average cation size at the A-site to stabilize the 12-coordination 
of that position and consequently the cubic perovskite structure. Recently, Mateika et al. 
[14,4] reported mixed rare-earth aluminum perovskites by coupled substitution of 
{[Sr,Ca], [Ta,Nb]} and the crystal growth thereof by the Czochralski method. Such 
mixed crystals are twin-free when the cubic symmetry is obtained. One of the 
compositions (Lao.289S r o.709)( A ^0.646^ a 0.356)^3 they studied may be considered as solid 
solution of two end members, LaA 103 and Sr(Alj^ 2 Tai^) 03 . The Sr(Al 5 ^ 35^)03 
(SAT). We have reported the growth of single crystal fibers of the larer by the laser 
beared pedestal growth technique [7]. 
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SAT and SAN, arc potential substrates for HTSC and have a near ideal lattice fit to the 
high Tc superconductors, excellent thermal expansion compatibility and desirable 
dielectric properties. The dielectric constant k of SAT was found to be ~12, one of the 
lowest reported in the oxide perovskite family. However, both of them have relatively 
high melting temperatures (SAT: 1900~(1908±25), and SAN:1790-(1739±10)) [15,7] 
therefore they cannot be grown using the platinum crucibles by Czochralski growth 
technique. Reduction of Nb 5+ or Ta 5+ was also found to be intrinsic, in these crystals 
grown in air. By forming crystalline solutions with compounds of low melting 
temperatures, it was hoped that the crystalline solution will result lower melting 
temperature and consequendy avoid the reduction problem and permit growth in platinum. 
We have measured the melting temperatures of various oxide perovskites [6] and the 
refractory character of this family is generally well known. NdGa0 3 , proved to be an 
exception; it was found to have a melting temperature of ~1484±24°C, and it was 
therefore selected as an end member of the crystalline solution series with SAT and/or 
SAN for the present studies. NdCiaC^ has the [GdFe0 3 ] structure with orthorhombic 
symmetry as majority of the [A] 3+ [B] 3+ 0 3 type compounds do (Fig.l). No twinning 
problems were reported in this material. YBCO thin films of superior quality were 
deposited on NdGa0 3 as compared to the YBCO film deposited on a LaA10 3 substrate. 
However, the high dielectric loss in the NdGa0 3 is a limiting factor for the YBCO film 
applications in microwave devices and resonator. 

This paper reports an approach in which by forming the crystalline solutions between 
selected end members the specific properties are modified to meet the requirements of the 
HTSC thin films for microwave device applications. The selected crystalline solution 
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phases 0 . 7 Sr(Alj^ 2 Tai^ 2 ) 03 - 0 . 3 LaA 103 , 0 . 7 Sr(Al|/ 2 Nbi/ 2 ) 03 " 0 . 3 LaA 103 , 
0.7Sr(Ali/2Tai/2)O3-0.3NdGaO3, and 0.7 Sr( A1 j^Nb i / 2 )O 3 - 0 . 3 NdGa 03 (addressed in 
their short-handed forms as SAT-LA, SAN-LA, SAT-NG, and SAN-NG respectively in 
the paper) and their single crystal growth, structure and properties are reported in this 
paper. 

2. EXPERIMENTAL 

2.1 Sample preparation 

La (OH)3, SrC03 and the respective oxides were used as starting materials. The purity of 
the starting materials was about 99.9% or better. 

The starting materials were weighed in the right stoichiometry rado and thoroughly mixed 
using a ball mill with a carrier solvent such as ethanol. The resulting mixture was dried at 
100°C and fired at 1100°C for 12 hours. The sample was then reground and fired at 1400 
°C for additional 12 hours. X-ray powder diffraction (XRD) was used to identify the 
products after each step of the processing. Finally, the sample was reground and fired at 
1500°C for 6 hours. 

The calcined powders were sieved through 325 mesh screen. A 2 weight percentage 
polyvinyl alcohol (PVA) aqueous solution was added as binder. The calcined powders 
containing PVA binder were then pressed as pellets. The pellets were sintered at 1500°C 
to 1625°C, depending on the compositions, for 6 hours. 

2.2 Melting Point Determination 

Melting points were determined using a strip furnace and optical pyrometers. The heating 
element consisted of a V-shaped ribbon of iridium metal clamped between two 
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water-cooled brass electrical contacts. The current through the strip as controlled by two 
variable AC transformers connected with a vernier control arrangement for the better 
temperature control. The notch of the V acts as a black body cavity. This extremely 
simple furnace designed in 1930, was used extensively in the early work on perovskites in 
the 1950's [16]. 

The samples, having been determined to be a single phase by x-ray diffraction, were placed 
in the notch of the strip in the form of a small amount (pinhead) of granular powder. The 
temperature of the sample and the strip was monitored simultaneously using three optical 
pyrometers through which the onset of melting was observed. Each measurement was 
repeated three times with fresh samples used and refined temperature scales. A total of 
nine readings were taken for each sample by three independent operators and pyrometers. 
The average melting temperature was obtained along with the estimation of the precision 
of these measurements after rejecting the lowest and highest points. 

2.3 Laser Heated Pedestal Growth Technique 

The laser heated pedestal growth (LHPG) method was used to grow single crystal fibers 
of modified compositions. The LHPG equipment used in this investigation consisted of a 
power source (water cooled, tunable flowing gas CO 2 55W laser), an optical layout, and a 
growth section. The alignment, seeding and growths were visually imaged outside the 
growth chamber by a short focal length telescope, which was in line with a CCD camera. 
Molten zone temperature during a stable growth was monitored using an optical 
pyrometer focusing telescope with a resolution of linear dimension of 0.1mm. Further 
detailed description can be found elsewhere [17,18]. 
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3. RESULTS AND DISCUSSION 


The x-ray powder diffraction patterns of the calcined powder (at 1500°C) showed the 
presence of only a single phase. All four modified compositions were found to have the 
ideal simple cubic structure after crystallization as determined by the x-ray powder 
diffraction techniques on the respective crystals. The crystallographic structure and lattice 
parameters are listed in Table 1. Ceramic samples of SAT-NG (sintered at 1625°C for six 
hours) showed an ordered cubic structure that yielded a double cell a=7.7732A. Similarly, 
the SAN-NG ceramic sample (sintered at 1575°C for six hours) also has the ordered 
structure with double unit cell a=7.7647A. The geometrical density of all the sintered 
samples was more than 91% of the theoretical density when the sintering temperature was 
1600°C. 

Our results further confirmed the report of Mateika et. al. [4] that the ideal cubic phase can 
be formed in (La,Sr)(Al,Ta)0 3 compounds. It is interesting to notice that similar 
substitutions using [Ca,Ta] instead of [Sr,Ta] did not produce a compound with cubic 
structure. The average A-site cation radii of the [Ca,Ta] substitution is smaller than that 
of LaA10 3 (ionic radii of Ca 2+ , La 3+ , and Sr 2+ are 1.14,1.185, and 1.27A, respectively), 
[19] therefore, no stabilization effect on 12-coordination A-site can be expected. 

The existence of cubic symmetry for the compound of SAT-NG and SAN-NG may be due 
to the fact that Ga 3+ is almost of the same cation size as Ta 5+ /Nb 5+ . Slight reduction in the 
A-site cation size is accompanied by the slight increase of the B-site cation size and thus 
the cubic structure of SAN or SAT stays intact. 
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The melting temperatures as determined using the strip furnace melting and the optical 
pyrometer, along with the observed stable growth zone temperature during the LHPG 
growth are listed in Table 2. It is especially interesting that NdGa03 addition to SAT and 
SAN reduced the melting point as expected. 

Single crystals of SAT-LA, SAT-NG, SAN-LA, and SAN-NG were grown by the laser 
heated pedestal growth technique using the ceramic rods as both seed and feed materials. 
All growth was performed in air. The temperatures required for the growth of SAT-LA 
was somewhat lower (~100°C) than that for the growth of SAT; however, the crystals as 
grown were transparent and colorless. The reduction problems found earlier in SAT 
growth were eliminated. Crystal fibers of ~500|im in diameter did not show any clear 
facet and cleavage characteristics. Single crystals of SAT-NG and SAN-NG were 
likewise easier to grow than to their unmodified forms as their respective melting 
temperatures were considerably lower and the stable growth melt zone during the LHPG 
growth was easier to maintain. Crystal fibers of SAT-NG and SAN-NG of ~400-500pm 
in diameter and 40mm in length were grown. The as grown SAT-NG and SAN-NG both 
haav a dark color with the SAT-NG being lighter and partially transparent. The color of 
the crystals is believed to be due to the Ga 3+ in the compound. As grown SAT-NG and 
SAN-NG single crystal fibers are shown in Fig. 2. 

Dielectric properties of the ceramic samples were measured using a General Radio 1621 
Capacitance Measurement System. A 3-terminal measurement was carried out using an 
environmental controllable sample holder. The stray capacitance, lead and contact 
resistance were corrected during the measurements by taking into account the open circuit 


8 



measurement The edge corrections were made to the results by using an empirical 
equation obtained from a family of fused silica samples. 

Dielectric constant k and loss tangent of the modified samples were examined as functions 
of temperature and frequency. Table 3. summarizes the values obtained on ceramic 
samples at liquid nitrogen temperature and at 10kHz. Dielectric property of the crystalline 
solution SAT-LA appeared to have maintained the dielectric features of the LaAlC >3 alone, 
though with the twin-free cubic structure resulted from the SAT end member. All 
NdGaC >3 end member compounds have low dielectric loss (^.lxlO 4 ); however, the 
dielectric constants of modified compounds appeared to be elevated by the addition of the 
NdGaC> 3 . In general, all the compounds studied have comparable or smaller dielectric 
constants and comparable dielectric loss to the rhombohedral LaAlC^ simple perovskite. 

Thermal expansion coefficients of the crystalline solution compounds were measured in 
comparison to the thermal properties of the YBCO superconductor and are listed in Table 
4. Good thermal expansion matching was found in all NG-end member compounds. 
LaAlC >3 and modified SAT-LA samples, however, showed thermal expansion coefficients 
somewhat smaller than the ideal. There has been a report on the thermal expansion 
coefficient of LaAlC >3 as being 10x1 [20] and the reason of the discrepancies 

between our results and the reported values may be due to the different thermal annealing 
history of the samples. In our measurements, the LaA 103 crystal was annealed several 
times at temperature ~800°C before thermal strain measurements were done and also our 
results were reproducible. No structural phase transition was found in the measured 
temperature region for all the compositions listed. Plots of the thermal strains vs. 
temperature as measured are shown in Fig.3. 
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4. CONCLUSIONS 


The ideal cubic perovskite structure can be stabilized in the case of LaAlC >3 by forming a 
crystalline solution compositions with cubic Sr(Aljy 2 Tai/ 2)03 and SrCAlj^Nbj^C^. The 
mechanism of this type of stabilization is perhaps through introducing the compensated 
cation substitution in the form of [2La 3+ ]+[Al 3+ ] —> [2A 2+ ]+[B 3+ ] with the A 2+ cation 
having a radius larger than that of La 3+ and therefore stabilizing the 12-cooidinated A-site. 
Crystalline solutions of SAT-LA maintained most of the dielectric and thermal properties 
of LaA 103 and gained the advantage of forming a twin-free simple cubic structure and 
improved lattice compatibility. NdGaC> 3 3S shown to be an effective end member to 
decrease the melting temperature of SAN and SAT without disturbing their simple cubic 
(twin free) crystal structure. Dielectric constants of SAN and SAT with an addition of 
NdGa 03 were increased; however, the dielectric loss factor still remained less than 5xl(H. 
The results suggesting that SAT-LA and SAN-LA are better candidates as substrate 
materials than LaA 103 because they have the twin free cubic structure. Also the growth 
of SAT-NG and SAN-NG are comparatively convenient as they have relatively low 
melting temperatures together with the relatively lower dielectric constants and the ideal 
lattice constants and thermal compatibility with the YBCO superconducting materials. 
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TABLE CAPTIONS 

Tabic 1. Symmetry and Lattice Parameters of The Modified Compounds Determined by 
X-ray Diffraction. 

Table 2. Melting Temperatures of Modified Complex Perovskites. 

Table 3. Dielectric Properties of Modified Complex Perovskites. 

Table 4. Coefficient of Thermal Expansion Measured by the Linear Voltage Differential 
Transformer Dilatometry Technique (RT - ~800°C) [21]. 
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FIGURE CAPTIONS 


Figure 1. Structure field map for A 3 + B 3+ 03 [perovskites] [12]. 

Figure 2. Single crystal fibers of (a) SAT-NG and (b) SAN-NG grown by the laser 
heated pedestal growth technique. 

Figure 3. Thermal strains vs temperature as measured using the push rod linear voltage 
differential transformer dilatometer [21]. 
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TABLE 1. SYMMETRY AND LATTICE PARAMETERS OF THE MODIFIED 
COMPOUNDS DETERMINED BY X-RAY DIFFRACTION. 


Composition 


Lattice Constant (A) 

Density (g/cm 3 ) 

SAT 

cubic 

a=3.8952 

6.730 

SAN 

cubic 

a=3.8950 

5.495 

LaAlO^ 

Rhomb. 

a=3.789,7=90-12° 

6.532 

NdGaO^ 

Ortho. [22] 
GdFeO^ structure 

a=5.426, b=5.502, 
c=7.706 

(pseudo cell ao=3.860) 

7.561 

SAT-LA 

Cubic 

a=3.8727 

6.628 

SAN-LA 

Cubic 

a=3.8634 

5.798 

SAT-NG 

Cubic 

a=3.8866 

6.965 

SAN-NG 

Cubic 

a=3.8790 

6.1299 
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Table 2. MELTING TEMPERATURES OF MODIFIED COMPLEX PEROVSKITES 


Composition 

MJ>. (°C) 

(Strip Furnace) 

Molten Zone 
Temp.(±0.5%)(°C) 
(LHPG) 

StfAl^Ta^O^ 

1908±25 

2049 

Sr(Ali/2Nbi/2)0^ 

1739±10 

1862 

LaAlO^ 

2040±9 


NdGaO^ 

1484±24 


0.7SAT:0.3LaA10^ 

1830±22 

1946 

0.7SAT:0.3NdGaO^ 

1767±31 

1832 

0.7SAN:0.3LaA10 3 

1705+20 


0.7SAN:0.3NdGaO^ 

1582±20 

1775 
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Table 3. DIELECTRIC PROPERTIES OF MODIFIED COMPLEX PEROVSKTIES 


Material 

K 

at 10kHz, 90K 

tanS 

LaAlO^ 

23 

7.47xl0- 5 

NdGaO, (77K,10GHz) [23] 

23 

3.24x1a 4 

Sr(Ali/2Tai/2)0^ 

11.8 

4.24xl0- 5 

SrCAlj^Nbi/^O} 

18.7 

2.20x10 4 

0.7SAT:0.3LaA10^ 

21.7 

7.47x10-5 

0.7S AN :0.3LaAlO^ 

25.7 

2.79x10 4 

0.7SAT:0.3NdGaO^ 

16.0 

4.25x1a 4 

0.7SAN:0.3NdGaO^ 

23.0 

5.15X10 4 

1/3SAN: 1/3SAT: l/3NdGaO^ 

22.3 

s.iixia 4 
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Table 4. COEFFICIENT OF THERMAL EXPANSION MEASURED BY 
DILATOMETRY TECHNIQUE (RT - ~800°C) [21] 


% 


, =M 0 +or+pr 


Material 

a (xl^C) 

a (xlO^C), 


(@~300K) 

P (xl0 8 /°C 2 ) 
(300-1050K) 

YBCO [24] 

MCaa) 


(untwinned single crystal at 300K) 

9 (a^ 



19 (a,.) 



42 (a v ) 


YBCO ceramic 

10.9 

9.5 

LaAlO^ //[llO] 

8.2 


//[ 001 ] 

6.4 


SriAl^Tai^O^ 

9.7 

8.9, 1.1 

Sr(Ali/ 2 Nbj/ 2 ) 0 ^ 

8.5 

6.5,2.4 

0.7 Sr(Al j / 2 T a j /2)Oi -0.3LaAl O 3 

7.7 


0.7Sr(Al, ^Nb, /^O^OJNdGaO* 

10.8 


0.7Sr(Al, /zTa, , 2 ) 0 ^ :0.3NdGaO 3 

8.8 

6.3, 3.6 
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We have prepared a cubic perovskite material of the composition La(Mg, /1 Ti l/2 )0} which seems to be a suitable candidate as 
a substrate material for an epitaxial growth of the high-V' c superconductors. The dielectric constant of this material is 27 at I Milt, 
the loss is less Ilian 10 ' \ and the thermal coefficient of expansion is about 13 ppm, close to that of Y DC superconductor. 


1. Introduction 

New materials with attractive dielectric properties 
arc being evaluated extensively Tor substrates for 
multi-chip module (MCM) devices and microwave 
resonators. These include l aAIOj, LiGaOj, SrTiOj, 
NdGaOj, LiNbOj, AI 2 Oj, MgO, ZrC> 2 , and many 
other cation-substituted derivatives or these [1-3]. 
Depending on the application, the dielectric re¬ 
sponse requirements can vary. In general very low 
dielectric constants and low losses are desired of a 
substrate, however, these requirements arc difficult 
to meet if the substrate is also required to be a single 
crystal having a melting point lower than 2000 C C. 
Additionally, if a substrate is to be used for the de¬ 
position of high-r c superconductor thin films, it is 
desirable to have cubic crystal structure with a 
matching lattice parameter. Considering these re¬ 
quirements, vet ':w materials fully meet the criteria. 

Our work on various new perovskite compositions 
has resulted in many attractive substrate materials 
[-1-6]. One of such materials with cubic perovskite 
structure, of the composition La(Mg (/2 Ti| /2 )Oj has 
been characterized and reported in this paper. The 
dielectric properties have been measured in the tem¬ 
perature range -150 to 100°C. The thermal expan¬ 
sion behavior has been observed over the range 25 
to 800 "C. 


2. Experimental 

The powder preparation was done using the solid 
state reaction method. Slatting materials, La(OH) 3 , 
MgO and Ti0 2 were mixed in the stoichiometric 
proportions in a ball mill for 24 It in ethyl alcohol. 
The ball-milled mixture was dried at 80°C and cal¬ 
cined at I400°C for 6 It in air. The calcined powder 
was ground and analyzed by X-ray diffraction. The 
powder was further mixed with 2 wt% of PVA as a 
binder and pressed at a pressure of about 2000 kg/ 
cm*. The green pellets were sintered at 1600°C for 
6 h in air. 

The sintered pellets were polished. The geomet¬ 
rical density of the samples was calculated and com¬ 
pared with the X-ray density. The samples were then 
cleclroded with sputtered gold. The dielectric con¬ 
stants of these samples were measured in the range 
— 150 to 100°C at frequencies from 10 kllz to I MHz 
on the 4274A IIP and 4275A LCR meters. 

The thermal expansion was measured on a TD 716 
Harrop dilatomctric analyzer. The maximum tem¬ 
perature was 800°C and the rate of heating as well 
as cooling was 3°f'/min. 


3. Results and discussion 

Fig. I shows the XRD pattern of the calcined pow¬ 
der of La(Mg, /2 Ti, /2 )Oj (I.MT). It shows the pres- 
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Fig. I. X-ray diffraction pattern of La(Mg, /2 1 i l/ ,)0, phase after calcination at 1500’C for 4 h. 


cncc of a single phase wilh a cubic structure. The cal¬ 
culated lattice parameter of La(Mg| /2 Ti| /2 )Oj is 
a=3.9195 A and the X-ray density is 6.02 g/cm\ 
The LMT composition reported by Negas et at. {7] 
was orthorhombic, but our XRD analysis did not 
show any splitting or broadening of cubic peaks to 
indicate the presence of an orthorhombic phase in 
the powder. The XRD patterns of the calcined phase 
and the sintered pellet were indentical. 

Fig. 2 shows the dielectric constant, K, for a 
La(Mg, /2 Ti, /2 )0.« sample as a function of temper¬ 
ature in the range - 150 to 100’C at frequencies 100 
kllz. 400 kllz and I Mllz. There is very little vari¬ 
ation in K with temperature or frequency in the 



Fig. 2. Dielectric constant of La(Mgi/iTi|/j)Oj as a function of 
temperature at 100 kllz, 400 kllz ami 1 Mllz. 


ranges used for the measurements. The dielectric 
constant is about 27 and the loss is less than 5x 10~ 4 
at room temperature at 10 and 100 kHz. These val¬ 
ues were confirmed in more precise measurements 
using a General Radio capacitance bridge. 

The melting point of LMT was determined by 
melting a small quantity of the powder on a healed 
iridium strip. The temperature was recorded using 
an optical pyrometer. The melting point was around 
1998°C. 

The thermal expansion behavior of LMT from 
room temperature to 800° C is shown in fig. 3. The 



• m <o« ut H* 

m 

Fig. 3. Thermal expansion behavior of La(Mgi/jTi|/j)Oj from 
room temperature to 800'C. The heating and cooling rates were 
3”C/tnin. 
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coefficient of thermal expansion (CTIZ) in this range 
is I3.2X IO -< /°C. The CTEs of the YBC supercon¬ 
ductor arc I4X 10~ 4 /°C along the a axis, 9x 10 ' 4 / 
°C along the/) axis and 19x IO -4 / ,, Calongthecaxis. 
Thus the CTEs of LMT and YBC a and b axes are 
matching to facilitate an epitaxial growth of YBC su¬ 
perconductor on a single crystal I.MT substrate. 


4. Conclusions 

The results of an exploratory study of the dielec¬ 
tric properties of a cubic perovskite La(Mg, /r 
Ti l/2 )Oj, have been reported. The lattice constant 
determined by XRD is 3.9195 A. The X-ray density 
is 6.02 g/ent 3 . This material can be sintered at 
I600*C for 6 It to achieve a sintered density of about 
98%. The melting point of this compound is 1 998°C. 

The dielectric constant is about 27 in the range 
— 150 to 100°Cbetween lOkllzand I MHz and the 


loss tangent is less than 5x !0~ 4 at 10 and 100 kHz 
at room temperature. 

The coefficient of thermal expansion in this range 
is 13.2xl0~ 4 /°C in the range 25 to 800°C. Thus 
this material shows promise as a candidate material 
(in a single crystal form) for substrates for YBC su¬ 
perconductor epitaxial thin films. Studies arc in 
progress to grow a single crystal of this material. 
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Abstract 

Twin-free crystals with relatively low melting temperatures are desirable as substrates for high temperature 
superconductor (HTSC) oxide substrate materials. In the selection of new oxide substrate compositions, special 
requirements (e.g. suitable dielectric properties for microwave application and perovskite structure with good lattice 
matching with YBa 2 Cu 3 0 7 _ ( ) were considered. In this study the calcium-strontium gallate-niobaie (CSGN) system 
has been investigated in both ceramic and single crystal samples, focusing on their crystal growth. The CSGN 
compositions were formed by mixing orthorhombic calcium gallate-niobate (CGN) and cubic strontium gallate- 
niobate (SGN) complex perovskites. CGN-excess mixtures do not create a single phase, as opposed to SGN-excess 
compositions, where single phase solid solutions are formed. The SGN-excess compositions can produce twin-free 
CSGN single crystals, which have excellent room temperature dielectric loss (tan 8 s 3 x 10 -4 ) and reasonably low 
dielectric constant (X- 41) values at 100 kHz. The growth temperature for a 50 moi% SGN starting composition 
(CSGN1) was about 1600*C, but for a 65 mol% SGN concentration (CSGN2) it increased to 1750*C. A lattice 
parameter a - 3.939 A was obtained for the CSGN1 crystal increasing with SGN concentration. A significant 
drawback was observed for the Ca-Sr-Ga-Nb oxide system: the effective distribution coefficient of Ca 3 * is very 
small (k eB (Ca 3 + )» 0.4). This can cause crystal growth difficulties due to constitutional supercooling phenomena. 


1. Background 

Since the discovery of the YBa 2 Cuj0 7 _ 4 
(YBCO) high temperature superconductor (HT¬ 
SC) [1,2), there were numerous attempts to find 
the most suitable single crystal substrate for the 
deposition of epitaxial YBCO layers. The major 
substrate requirements are as follows: 

- good lattice matching [41] and similar thermal 
expansion (40) with YBCO (Table 5); 


* Corr es ponding author. 


- twin-free crystallization; 

- low dielectric constant (K < 30-40) and low 
dielectric loss (tan 6< 10" 3 ) in the microwave 
regime; 

- relatively low melting temperature for crystal 
growth. 

Previous studies were mainly focused on 
SrTiOj, LaAlOj, NdGaOj and related crystals 
[3-7], 

SrTiOj [3-5,8] has good lattice matching with 
YBCO, since its lattice constant is 3.905 A, caus¬ 
ing about 1% misfit with the YBCO unit cell. 
However, the dielectric constant (X) and dielec- 
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trie loss (tan 6)1 of SrTiOj are too high < K * 300. 
tan 6 > 2 x 10 - ' 3 ) and the crystal has twinning 
problems caused by structural phase transitions. 
Its melting temperature is 1920°C. 

LaAJO, {3,7.8} single crystals have acceptable 
lattice matching (a = 3.793 A. 2% misfit) with 
good dielectric properties (K- 15. tan 8 = 6 x 
10” 4 ). However, they have severe twin formation 
and high melting temperature (210O°C). limiting 
their HTSC applications. 

In the case of NdGa0 3 [3.6.8}, the lattice con¬ 
stant is a - 3.86 A, giving a very good matching 
(0.27%) with YBCO. The dielectric constant is 26 
and the dielectric loss is 3 x 10~ 4 . Its melting 
point is not too high (1750*0, but twin formation 
still exists as a disadvantage for NdGaO } in spite 
of techniques reported for elimination of this 
unwanted phenomenon [9,10,12]. 

In the search for new substrate compositions, 
Mateika et al. reported mixed perovskite crystals 
for HTSC applications [11]. They grew a large 
number of solid solution crystals from mixtures of 
LaAlOj and SrfAl, , 2 Ta 1/2 )0 3 , as well as LaA10 3 
and Sr<Al 1/2 Nb l/2 )0 3 compounds. For substitu¬ 
tion of A-site elements, Ca 2 \Nd 3+ and others 
have also been investigated. The dielectric prop¬ 
erties of these crystals were acceptable (K *> 
13.4-21 J, tan 5 £ 10" 3 ) for HTSC substrate ap¬ 


plication. Some crystals in this series were grown 
without twinning, crystallizing mainly as cubic 
perovskites. The lattice constants varied from 3.78 
to 3.88 A for crystals grown at about 1800°C. 


2. CSGN selection from the oxide perovskites for 
HTSC substrate 

In order to find other suitable candidate sub¬ 
strate compositions for high T c superconductors, 
oxide perovskites were classified into ten groups 
(three simple and seven complex). This classifica¬ 
tion was primarily based on the valency of A, B 
or AA', BB' site cations, along with additional 
restrictions based on lattice parameters and elec¬ 
troconductivity properties. Unit cell parameters 
of 3.80-4.00 A or 7.70-7.90 A (double cell) are 
preferred, which significantly reduces the number 
of compounds. Compounds possessing undesir¬ 
able semiconducting and conducting properties 
were also rejected. Consequently, compounds 
consisting of only transition metal (including lan¬ 
thanide) cations in A-B, A-B-B' (or A-A'-B) 
sides (e.g. YV0 3 [13], LaCoOj [8], La(Zn,, : 
Ru 1/2 XD 3 [8,21], etc.) were not investigated due 
to possible conductivity problems. In spite of the 
above-mentioned restrictions, a large number of 


Table 1 

Simple perovskite groups 


Group 

Perovskite 

Typical 

Unit cell 

Cell parameters (A) 

Dielectric properties *. 

Melting 

References 

No. 

group 

compounds 

type 

a 

b c 

K and tan & 

temperature 

T m r CO 


1 

a‘*b’*o 3 

NaNbOj 

Orthorhombic 

5.512 

5.577 3.885 

Ferroelectric 

1412 

126.27.8) 



ICTaOj 

Cubic 

3.9885 


Ferroelectric 

1370 

128-30.8) 








1357 

13] 

1 

A : *B 4 *Oj 

BaTiOj 

Tetragonal 

3.989 

4.029 

Ferroelectric 

1610 

125.8) 



SrTiOj 

Cubic 

3 904 


X - 200 

2080 

125.8] 





3.905 


K - 300 

tan & > 2 x 10' 3 

1920 

13] 

3 

a 3 *b 3 *o 3 

LaAJO] 

Rhombohedrai 

3.788 

a -90*4’ 


2075-2080 

[25.8] 





3.793 


K - 15 

tan S - 6 x 10' 4 

2100 

131 



NdGaO, 

Orthorhombic 

5.426 

5.502 7.706 



1311 





3.86 


AT-26 

tan 8 - 3 x !0' 4 

1750 

I3J 


* K is dielectric constant and tan 6 is dielectric loss. 
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oxide perovskites can be synthesized from the 
following elements: Li, Na, K, Mg, Ca, Sr, Ba, Ln, 
Ti, Zr, Nb, Ta, Al, and Ga. 

Three simple perovskite groups, listed in Table 
1, can be created from this selection technique. 
Perovskites in (No. 1) are ferro- 

electrics (e.g. NaNb0 3 [14,15,8], KTa0 3 [16,8], 
etc.). Group No. 2 (A 2 " B 4, "0 3 ) is a transitional 
dielectric group, which may be ferroelectric (e.g. 
BaTiOj [17]) or paraelectric with high dielectric 
constants (e.g. SrTiOj [8]). One of the most fre¬ 
quently investigated groups for HTSC substrates 
is the A 3+ B 3+ 0 3 family (e.g. LaA10 3 , NdGaOj, 
etc.) (No. 3) due to their excellent dielectric prop¬ 
erties. 

Seven complex perovskite groups were se¬ 
lected based on previously-mentioned require¬ 
ments (see Table 2). In these groups, B-site 
cations generally consist of two different ele¬ 
ments to form A(BB')0 3 type perovskites. Nu¬ 
merous compounds of these series have excellent 
dielectric properties [24], in ceramic form. Crystal 
growth technologies (although there have been 
some attempts [18,19]) have not been developed 
yet for complex perovskite compounds, probably 
because of their high melting temperatures (e.g. 
Ba(Mg, /3 Ta 2/3 )0 3 ) or incongruent melting (e.g. 
(K 1/2 La I/2 )Ti0 3 [22]). Ba(Mg 1/3 Ta 2/3 X) 3 , in the 


No. 5 group, has excellent room temperature 
dielectric loss (tan S = 2.78 x 10‘ 4 ) and good di¬ 
electric constant (K = 25.9) at 10 kHz for crystal 
fiber grown by the laser heated pedestal growth 
(LHPG) technique [19]. However, its melting 
temperature is about 3000°C. With the exception 
of A : *(Bj/ 2 Bj%)0 3 (No. 4), very limited data 
were reported for complex perovskite groups (see 
Table 2). The No. 4 perovskites were originally 
investigated by Brandle and Fratello [23] without 
characterization of dielectric properties. Some 
data from their work can be seen in Table 3. In 
subsequent attempts, some compounds in this 
series, SKAl t/ jNb l/2 )0 3 (SAN) and Si(A 1 1/2 
Ta I/2 )0 3 (SAT) have been grown by the LHPG 
technique in single crystal fiber form by Guo et 
al. [18] and characterized for dielectric proper¬ 
ties. 

Surveying the present position, it is obvious 
from the list of classified perovskite compounds 
that there are three different approaches for ob¬ 
taining new oxide perovskite HTSC substrate 
candidates: 

(1) Development of twin-free crystal growth tech¬ 
nique for the widely investigated A 3+ B 3+ 0 3 com¬ 
pounds (e.g. by using optimized axial temperature 
gradient or special dopants [12,9,10]). 

(2) Find twin-free compounds with suitable di- 


Table 3 

A J -(BjjjBl’j)O r type complex perovskites (No. 4) 


Compound 

Unit cell 
type 

Cell parameters (A) 



Melting 

temperature 

TWCC) 

Ret. 

Observed 

a 

b 

c 

Calculated 

a 

Ca ,G*Nb0 6 

Orthorhombic 

5.441 

5.498 

7.724 

7.95 

1510 

123) * 

Ca,GaTaO A 

Orthorhombic 

5.437 

5.527 

7.730 

7.95 

1710 

123]* 

CajAINbO, 

Orthorhombic 

5.377 

5.421 

7.624 

7.86 

1675 

123]* 



5.382 

5.408 

7.614 



(381 

Ca 2 AJTaO„ 

Orthorhombic 

5.382 

5.427 

7.631 

7.86 

1835 




5.381 

5.407 

7.612 



(38) 

Sr 2 GaNb0 4 

Cubic 

7.895 



8.08 

1720 

123)* 

Sr >GiT a0 6 

Cubic 

7.898 



8.06 

1820 

123)* 

SrfGa t/ jTa| /2 XJj 

Cubic 

3.947 



3.95 

1720 

139) 

SrjAlNbO* 

Cubic 

7.795 



7.98 

1790 

123)* 

SriAJ | /iNbj/j)Oj 

Cubic 

3.895 




1862 

(18) 

StjAlTaOj 

Cubic 

7.795 



7.98 

1900 

123)* 

SKAI,/jT*i/j)Oj 

Cubic 

3.895 




2030 

(18) 


* Dau published by Brandle and Fratello (231. 
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electric properties in the complex perovskite 
groups, which can be grown by the Czochralski 
technique. They must also possess acceptable 
melting temperatures. Possible candidates are 
compounds of the group (e.g. 

SAN. SAT). 

(3) Combinations of the above-mentioned per¬ 
ovskite compounds to obtain optimized substrate 
parameters and crystal quality. This technique 
provides the broadest range of substrate composi¬ 
tions; however, it includes possible crystal growth 
difficulties due to the complexity of these sys¬ 
tems. In these cases the effective distribution 
coefficient for all cations needs to approach unity, 
which becomes an especially important factor. 

In order to find the lowest melting composi¬ 
tions with optimized dielectric parameters, the 
third method was utilized in our present work. 
Preliminary selection of numerous ceramic sam¬ 
ples focused our attention on the Ca(Ga I/2 
Nb, / 2 X) 3 -Sr(Ga, / 2 Nb l/ 2 X )3 (CSGN) system. In 
addition, it was found that some other mixtures 
can also form single phase compositions (e.g. 
(K, / 4 Ndj / 4 XMg I/ 4 Ti 3 / 4 X )3 from ^Nd(Mg l/2 
Tii/jXJs- y(K, / 2 Nd l/ 2 )Ti 03 or (Sr^jLa^) 
(Mg, / 3 Ti 2 / 3 )C >3 from y(SrTi0 3 )- f La(Mg l/2 
Ti 1 / 2 ) 63 ). whereas others cannot (e.g. (Ca , /2 
Nd l/ 2 XMg, / 2 Nb 1 / 2 X)j from ;Ca(Mg 1 / 3 Nb, , 3 ) 
Oj- jN<XMg 2 / 3 Nb 1 / 3 )Oj). 

Combination of low-melting temperature 
KTaOj with low dielectric loss La(Mg 2 / 3 Ta, /3 ) 
[351 allowed single phase (K, / 2 La, / 2 XMg l/2 
Ta 2 / 3 X )3 to be produced; however, it was not 
investigated in more detail due to its unsuitable 
dielectric properties. For combinations of these 
and other samples different mixing ratios 
(1/2: 1/2; 1/3 : 2/3; 2/3 : 1/3; 1/4: 3/4; 
3/4:1/4 mole ratios) were considered. The ce¬ 
ramic samples were analyzed for structure, di¬ 
electric and melting characteristics. 

Since Ca-based compounds in the A : *(Bj7 : 
B?; KDj group (Table 3) have orthorhombic unit 
cells and Sr-based compounds have cubic unit 
cells with acceptable lattice matching to YBCO. 
it was expected that the mixture with excess Sr- 
based compound would retain its cubic unit cell 
with limited cell parameter modifications. The 
combination of lowest melting (r^ ~ 1510°C) 


Ca(Ga, /; Nb, ,)0, (CGN) of the Ca-based com¬ 
pounds and the lowest melting (T MP = 1720°C) 
Sr<Ga, / 2 Nb 1 / 2 )0 3 (SGN) of the Sr-based com¬ 
pounds of No. 4 perovskite group promised low 
melting compositions with acceptable dielectric 
properties. Twin-free crystallization was also ex¬ 
pected. since other niobates (SAN) and tantalates 
(SAT) have been grown without twins [18]. 


3. Experimental procedure 

3.1. CSGN ceramic preparation 

Calcium-strontium gallate-niobate (CSGN) 
ceramic samples were prepared by conventional 
ceramic processing techniques. High purity 
SrCOj, Ga 2 Oj, Nb 2 O s (99.99%) and CaO 
(99.95%) (Johnson Matthey Alfa Chemicals) were 
weighed in 0.5:0.5, 0.33:0.67, 0.67 :0.33 and 
0.45:0.55 molar ratios of Ca(Ga, / 2 Nb , /2 )03 : Sr- 
(Ga, / 2 Nb 1/2 )03 for 1/30 mole CSGN batches 
The weighed powders were mixed with 50 ml 
alcohol and A1 2 0 3 grinding media at 120 rpm for 
8 h in 125 ml high density polyethylene bottles. 
After drying at 8 (fC for 8 h, the powder mixtures 
were pressed into 34 x 4 mm diameter size discs 
without binder, and fired at 1100°C for 6 h on 
alumina plates. Subsequently, the fired samples 
were reground and re-pressed into 12 x 2 mm 
diameter size discs. A second firing at optimized 
temperatures (1280-1350°C) for 6 h was con¬ 
ducted in order to obtain single-phase high-den¬ 
sity ceramic samples. 

3.2. Characterization of CSGN ceramic samples 

X-ray powder diffraction (XRD) (Scintag 
PAD-V) was used for characterization of phase 
relations, crystallographic structure, and lattice 
parameters (see Fig. la). 

Dielectric measurements were performed at 10 
and 100 kHz on polished gold-sputtered elec- 
eroded samples from -50 to 120°C using a com¬ 
puter-controlled multifrequency LCR meter 
(Hewlett Packard 4275). Data for CSGN are pre¬ 
sented in Fig. 6 . 
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Fig. 1. XRD pattern of (a) (CaSrXGaNb)0 6 ceramic (CSGN1 
cer.) and (b) CSGN1 crystal grown by Czochrabici technique. 


Differential thermal analysis (DTA) (Perkin- 
Elmer DTA 1700) with 10°C/min heating-cool¬ 
ing rate and firing studies were utilized for CSGN 
melting characterization. Liquidus temperatures 
were determined in both a resistance-heated fur¬ 
nace, using a Pt crucible and air atmosphere, and 
an RF-heated crystal-growth chamber, using an Ir 
crucible and N, atmosphere. 

3.3. Crystal growth of CSGN by Czochralski tech¬ 
nique 

Chemicals for crystal growth were weighed in 
two different compositions. One a 50:50 mol^ 
CGN-SGN mixture (CSGN1) and the other a 
35:65 mol% CGN-SGN mixture (CSGN2) were 
weighed for use as starting compositions. Identi¬ 
cal chemicals were used as in CSGN ceramic 
preparation. After thorough homogenization, 1/2 
mole batches of CSGN1 and CSGN2 mixtures 
were placed in alumina crucibles for sintering. 
After firing at 1100°C for 8 h the mixtures were 
ground and re-fired at 1250°C for 8 h for CSGN1 
and 130CPC for 8 h for CSGN2. 

Melting of these mixtures and subsequent ci.v 
tal growth were carried out by a 35 kW RF 
heated Czochralski crystal growth unit (Crystalox- 


5V 

Stanelco). The 35 x 35 mm diameter cylindrical 
form (1.5 mm wall thickness) iridium crucible was 
heated under pure N 2 atmosphere with 0.5 1 
min -1 flow rate at 35 kPa pressure. The first 
growth runs for seed crystals were conducted 
using Ir wire. Crystal seeds (non-oriented) were 
selected and mounted on an alumina pulling rod. 
CSGN1 crystal growth was initiated at 1600°C. 
and CSGN2 crystal growth began at 1750°C. The 
temperature of the melt surface was measured by 
optical pyrometry (without correction). The 
pulling rates were 0.7-2 mm h“‘, and the rota¬ 
tion rate was 10 rpm for all cases. Crucible posi- 





Fig. 2. CSGNt crystal grown by Czochrahlo technique before 
annealing in 0 2 (mm grid background). 
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annealing in 0 2 (nun grid background). 


tion, afterheater elements, and thermal isolation 
of Ir crucible were optimized. During growth, 
dark-brown crystals with an irregular diameter 
were formed (Fig. 2) due to oxygen vacancies, 
which were easily eliminated by subsequent an¬ 
nealing for 6-46 h at 700°C in an oxygen atmos¬ 
phere. 

High Ga 2 0 3 vaporization and strong super¬ 
cooling tendencies were observed during the 
growth of CSGN crystals. Due to constitutional 
supercooling, the formation of large size high 
quality single crystals was severely limited. Better 
crystal quality was achieved with the SGN excess 
(CSGN2) composition than with the 50:50 mol% 
(CSGN1) composition melt (Fig. 3). 


3.4. Characterization of CSGN crystals 

Samples prepared from the upper third sec¬ 
tions (least defective) of CSGN1 and CSGN2 
crystals were annealed in O, for subsequent 
characterization. Energy dispersive spectroscopy 
(EDS) was utilized to analyze the incorporation 
of basic elements into the CSGN mixed per- 
ovskite crystals (Table 4). Ca : ". Sr : *. Ga 3 * and 
Nb 5- * cations in both CSGN1 and CSGN2 crys¬ 
tals were analyzed by a KEVEX 8000 Microana¬ 
lyzer with ISI DS 130 Scanning Electron Micro¬ 
scope (SEM). 

Crystal structures were identified by XRD (as 
in section 3.2) (Fig. lb). Back-reflection Laue 
diffraction was used for crystallinity determina¬ 
tion. Transmitted light optical microscopy (Zeiss 
Axioskop) was performed under crossed poiars 
for characterization of polished CSGN crystals 
and determination of single and twin-free crys¬ 
tallinity. A defective CSGN1 crystal and cracked 
but good-quality twin-free CSGN2 single crystal 
can be seen in Figs. 4a and 4b, respectively. 

Thermal expansion measurements for both 
CSGN crystal compositions were conducted from 
23 to 800°C (Fig. 5): the difference between 
CSGN1 and CSGN2 crystals was indistinguish¬ 
able. The heating rate was controlled at 3°C/min 
using microprocessor-based temperature con¬ 
troller. 

Dielectric measurements were conducted on a 
CSGN2 single crystal specimen at 10 and 100 kHz 
from -50 to 120°C. The dielectric constant-tem¬ 
perature (K-T) dependence can be seen in Fig. 
6 . 


Table 4 

Incorporation of cations into CSGN1 and CSGN2 crystals (measured by EDS) 


Sample 

Starting composition in melt 

Real composition in crystal 

dedication) 


CSGN1 

(CiojSfo _jXG*o .a Nbo j JOj 

(Ca 0 . ItSfQ 62 XGag,47 Nb(y53 »3 

Ca 2 * 

0.36 




Sr 2 * 

1.64 




Ga 3 * 

0.94 




Nb 5 * 

1.06 

CSGN2 

(CiojjSfo.tsXGaojNboj)Oj 

(C*o i5S r ossXGa 0 4 5 Nboj5)0} 

Ca 2 * 

0.42 




Sr 2 * 

1J 




Ga 3 * 

0.90 




Nb 5 * 

uo 
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F, ‘ *J nn ”^ km nUCTO * rlp6 of <»> CSGN» «“p>« showing defects which can be ascribed to constitutional supercool,™ 

and (b) twin-free transparent CSGN2 single crystal pieces. ® 


4. Results and discussion 

Mixed perovskite crystals with relatively low 
melting temperature, no twinning and low dielec¬ 
tric loss are required for HTSC substrate materi¬ 
als. The mixing of classified perovskite com- 



Ttmpargiurc (^C) 


Fig. 5 Thermal expansion-temperature dependence for 
CSGN1 and CSGN2 samples. 


pounds promises to give a selection routine for 
alternative compositions. 

This work presents a study of the mixing of 



T (®C) 

Fig. 6. Dielectric constant-temperature (K-T) dependence 
for CSGN1 cer., CSGN1 and CSGN2 crystals at 10 and 100 
kHz. 
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\ , 

two relatively low melting compounds of A‘* 

) 4+ 0 3 complex perovskites group <No. 
4). the Ca(Ga, / 2 Nb 1 / 2 ) 03 -Sr<Ga, / 2 Nb 1/: )03 
(CSGN) system. Experiments on ceramic samples 
indicated that calcium gallate-niobate (CGN) ex¬ 
cess mixtures do not form a single phase system, 
whereas samples with SGN concentrations > 50 
mol% form single phase cubic perovskites (see 
Fig. la). Weak superlattice diffraction peaks of 
the (211), (311), (331) and (420) crystallographic 
planes indicate the double-cubic lattice of (CaSr) 
(GaNbKD 5 . This superstructure was also obtained 
on molten quenched samples of both Ca 2 GaNb 
O fi and Sr 2 GaNb0 3 reported by Brandle and 
Fratello [23]. 

In the case of (CaSrXGaNb)0 6 ceramics 
(CSGN1 cer.) formed by equal parts of CGN- 
SGN, the lattice parameter was 7.770 A and the 



Pi*. 7. Lattice parameter-thermal expansion dependence for 
CSGN1 and CSGN2 crystals compared with other published 
substrate materials; (•) after ret (9). 


n.i 

calculated theoretical density is 5.47 g/cm\ The 
density of this sintered sample was 4.8 g/cm' 
(88% theor.) (Table 5), providing reasonably high 
density specimen for dielectric measurements. 
The superstructure in CSGN 1 crystals grown from 
(CaSrXGaNb)O ft melt has been eliminated com¬ 
pletely (see Fig. lb) and a simple cubic lattice was 
formed, displaying only (100). (110). (111). (200) 
and (211) characteristic cubic XRD lines in the 
2 9 = 20°-60° range. Since solid solutions were 
formed for SGN/CGN i 1, lattice parameters of 
the grown crystals were larger than for ceramic 
specimens. The measured value for the CSGN1 
crystal was 3.939 A, an increase of 0.054 A with 
respect to the ceramic sample. Lattice parame¬ 
ters were found to increase with increasing SGN 
concentration. Increasing the SGN content by 
15% resulted in a 0.055 A increase in lattice 
parameters for the CSGN2 composition. The lat¬ 
tice parameter obtained a - 3.994 A, is close to 
the acceptable upper limit for YBCO substrates, 
as evident from the data of Fig. 7 compared with 
other (SrTiOj, NdGaOj, LaAiOj) substrate ma¬ 
terials [9]. Thermal expansion curves (Fig. 5) 
measured on CSGN1 and CSGN2 crystal samples 
were indistinguishable from each other. The lin¬ 
ear thermal expansion coefficient obtained is a = 
18.5 x 10" 6 °C~a very good match with YBCO. 
a c (YBCO) - 19 x 10 “C"' [40]. The values of 

lattice parameters, densities and thermal expan¬ 
sion coefficients can be seen in Table 5. 

The solidus temperature of CSGN1 ceramics 
was quite low (1350*0 as obtained by both DTA 
and firing experiments (where partial melting was 
first observed). The liquidus temperature was 
about 1580-1600X2 (uncorrected values) as mea¬ 
sured by optical pyrometry. Since the CSGN sys¬ 
tem with SGN/CGN £ 1 is a solid solution, the 
CSGN1 ceramic composition crystallizes in a dif¬ 
ferent composition than that of the starting melt. 
DTA measurements on CSGN 1 crystals indicated 
this change in connection with an increase in the 
solidus temperature (1435°C). This is related to 
the increase in lattice parameter of the CSGN1 
crystal (compared to the ceramic), because higher 
solidus temperature indicates higher actual SGN 
concentration at solidification than in the starting 
melt compositions. The higher Ca concentration 
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at CSGN1 crystallization could cause the strong 
constitutional supercooling effect [43,44] ob¬ 
served during the Czochralski crystal growth pro¬ 
cesses. 

During crystal growth the actual temperature 
at the solid-liquid boundary will be below the 
equilibrium temperature, creating an undercool¬ 
ing which is required to drive the kinetic pro¬ 
cesses of crystallization at the imposed rates. The 
constitutional supercooling as an undesired seg¬ 
regation can be caused by impurities, dopants 
[45,42] or lack of stoichiometry [46], producing 
different type characteristic defects, i.e. gas bub¬ 
bles and cellular growth structures in the crystals. 
Similarly, in the growth of mixed oxides, the 
excess component segregates in the same manner 
as does an impurity [47], In our case the un¬ 
wanted segregation phenomenon can be ascribed 
to constitutional supercooling and can be mini¬ 
mized by such means as decreasing the critical 
impurity concentration, the pulling rates, and en¬ 
hancement of the axial thermal gradient [44,45]. 

It was evident from EDS measurements that 
the observed constitutional supercooling effect is 
caused by the very low effective distribution coef¬ 
ficient of calcium (k^i Ca) - 036). Consequently, 
the Ca is a "critical impurity” for its own CSGN 
system. Although Ga 2 0 3 vaporization was ob¬ 
served to be quite intensive, its effective distribu¬ 
tion coefficient remained near unity (* eff (Ga) * 
0.94). EDS date for both CSGN1 and CSGN2 
crystals can be seen in Table 4. In ideal or near¬ 
ideal cases the k^ coefficient for all mixing 
cations should be k t „ - 1 or close to one (k tB * 1) 
(mixing of LaA10 3 and SAT or LaAlOj and SAN 
resulted in near-unity distribution coefficients for 
each cation as observed by Mateika et al. [11]). 
During crystal growth, a Ca 2+ -rich boundary layer 
is formed before the crystallization from, which 
has lower melting and freezing temperatures than 
the liquidus and solidus temperature of the actual 
melt-crystal composition. Therefore, this Ca 2+ - 
rich boundary layer will be supercooled and gen¬ 
erate both uncontrollable growth rate and crystal¬ 
lization. 

The critical k^i Ca) can be increased by de¬ 
creasing the Ca (CGN) content of the starting 
melt composition. This means that the Ca 2 * con¬ 


centration in the boundary layer increases to the 
critical concentration level at a slower rate than 
previously. This favor effect is further enhanced 
by decreasing the pulling rate and increasing the 
axial thermal gradient. In the case of CSGN2 
crystal grown from 35:65 mol 9c CGN-SGN 
starting melt composition, the effective distribu¬ 
tion coefficient of calcium increased to k e „(C a) 
- 0.42, allowing the growth of transparent, single 
crystals in the upper third of the crystal (in * 10 
mm length at 7-8 mm diameter). An opaque 
CSGN1 crystal sample, containing defects which 
can be ascribed to constitutional supercooling 
[47,42] and a transparent CSGN2 single crystal 
sample can be seen in Fig. 3. Laue diffraction of 
the CSGN1 crystal sample did not indicate per¬ 
fect single crystallinity due to the supercooled 
structure. Polarized transmitted-light optical mi¬ 
crographs of a supercooled CSGN1 sample and a 
good-quality, twin-free CSGN2 single crystal are 
presented in Fig. 4. In the CSGN2 specimen, no 
light transmission was observed between cross 
poles, proving the twin-free crystal structure. 

Very similar constitutionally-supercooled struc¬ 
tures were also observed in previously-investi¬ 
gated niobate (e.g„ UNbOj: Si), where Si has a 
similarly low effective distribution coefficient 
(Erdei et al. [42D- 

It is already known that SGN-excess composi¬ 
tions with increased & eff (Ca) also formed cubic 
unit cells in CSGN crystals. The observation that 
the CSGN2 crystal is cubic with no twins is in 
agreement with previous studies [11]. Twin-free 
single crystals were also formed for other com¬ 
plex niobate (SAN) and tantalate (SAT) fibers 
grown by the LHPG technique [18]. However, it 
is not yet known whether this effect originated 
from the cubic perovskite structure or is a charac¬ 
teristic of niobates (or tantalates). 

For realization of non-supercooled, twin-free 
CSGN2 single crystals, two sacrifices were re¬ 
quired: (1) the growth temperature was increased 
to about 1750°C and (2) the lattice parameter 
increased to a - 3.994 A, close to the acceptable 
size limit. Although more extensive vaporization 
resulted due to the increased growth tempera¬ 
ture, decreasing Jfc^fGa); this effect is negligible 
because k t8 ( Ga) remains at a value of 0.90. Since 
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unity or near-unity k e „ for all cations is required 
for growth of large crystals, reasonably large 
CSGN crystals can be grown as a small crystal¬ 
lized proportion of the melt from large crucibles 
with large batches of SGN-rich starting material 
using an optimized growth procedure (low pulling 
rate, high axial temperature gradient) for elimi¬ 
nation of the constitutional supercooling caused 
by low *.«r<Ca). 

Use of strontium (SGN) excess mixtures was 
also considered to have better dielectric proper¬ 
ties, lower dielectric constant for CSGN crystals 
(i.e. Mateika et al. [11] reported higher dielectric 
constants in their mixed crystals containing Ca 2+ 
than without it). The 23“C dielectric constant of 
high density (88%) ceramic was K - 325 at both 
10 and 100 kHz. A slight linear temperature 
dependence can be seen in Fig. 6 between - 50 
and 120°C. The dielectric loss at 100 kHz (23°C) 
was tan S - 3 x 10 “ 4 . These same low values were 
obtained for both CSGN1 and CSGN2 crystals; 
however, the dielectric constant of these crystals, 
compared to ceramics, has increased by 30% (K 
- 41). A decrease in dielectric constant was not 
observed for the CSGN1 crystal with a slightly 
lower Sr concentration than CSGN2 (Tables 4 
and S). 


5. Summary 

In this work the CSGN system has been inves¬ 
tigated as a possible low temperature crystalliza¬ 
tion, twin-free system for HTSG substrate appli¬ 
cations. Numerous new HTSC substrate composi¬ 
tions can be derived by mixing of different per- 
ovskite compounds classified into 10 groups. From 
preliminary investigations on ceramic samples, the 
Ca(Ga, / 2 Nb l/ 2 ) 03 -Si<Ga l/ 2 Nb l/ 2)03 system 
was selected for study in more detail. It has been 
established that the effective distribution coeffi¬ 
cient of calcium in CSGN crystal (k eff (Ca)) is 
quite low (k efI (Ca) - 0.36-0.42), which can easily 
promote the formation of defects, which can be 
ascribed to constitutional supercooling during the 
crystal growth process. This effect can be partly 
compensated for by using Sr-excess (35:65 mol% 
CGN:SGN starting composition) in the melt. 


Consequently, high-quality, twin-free, transparent 
single crystals with limited size were achieved in 
the upper 1/3 of CSGN2 crystals. The measured 
lattice parameter of the cubic unit cell was a - 
3.994 A. and the thermal expansion coefficient 
was a=18.5xl0" 6 °C' 1 . providing excellent 
matching with YBCO in the c direction 
(a c (YBCO) = I9x 10" 6 f). Dielectric prop¬ 
erties with reasonably low loss (K = 41, tan S < 3 
x 10" 4 ) were observed for CSGN crystals. 

In summation, the CSGN system has accept¬ 
ably good physical properties for HTSC substrate 
applications; however, this system contains struc¬ 
tural-type growth difficulties. 
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ABSTRACT 

The research focused upon generating new substrate materials for die deposition of superconducting 
yttrium barium cuprate (YBCO) has yielded several new hosts in complex perovskites, modified 
perovslates, and other structure families. New substrate candidates such as Sr(Al I/ 2 Tai/ 2)03 and 
SifAli/sNb^Oj, Ba(Mgi/ 3 Ta 2 / 3)03 in complex oxide perovskite structure family and their solid solutions 
with ternary perovskite LaAlOj and NdGaOj are reported. Conventional ceramic processing techniques 
were used to fabricate dense ceramic samples. A laser heated molten zone growth system was utilized for 
the test-growth of these candidate materials in single crystal fiber form to determine crystallographic 
structure, melting point, thermal, and dielectric properties as well as to make positive identification of twin 
free systems. Some of those candidate materials present an excellent combination of properties suitable for 
microwave HTSC substrate applications. 


INTRODUCTION 

There is great interest worldwide in the deposition of high quality thin films of high Tc superconductors 
(HTSC), using a whole variety of available deposition techniques. The selection of useful substrate 
materials is of first importance and is subjected to a number of constrains such as: thermal and chemical 
stability under the conditions used in the film processing and operating; suitable lattice parameter and ionic 
structure matching; thermal compatibility in terms of thermal expansion matching over the te m pe ra ture 
range of film processing and operating; physical properties suitable for specific use (for instance the 
dielectric constant and loss for electronic devices and high thermal conductivity for high-power-density 
applications); commercial availability and if possible, low cost. 

In addition to satisfy the general requirements, substrates to be used in microwave devices must be 
twin-free single crystals with potential to be grown in large size (2-4" wafer). Congruent melting 
compositions with modest melting temperatures are therefore favorable. The dielectric constant influences 
the propagation speed and the package dimensions therefore a moderately low dielectric constant (<25) is 
required. Because the conductor loss of the superconductor is diminished, the role of the dielectric loss 
becomes critically important. Very low dielectric loss (<10~*) is therefore demanded. 

The potential application of YBCO superconductor to the development of ultra high density 
interconnect systems for a new generation of high speed high density multichip modules dictates new 
requirements for the substrate design. An essential feature is the geometry of the X and Y layers of HTSC 
lines that must have geometries in cross section of order 2 x 1 p meters thus necessitating a current 
carrying capability for the HTSC of ~10 6 A/cm 2 . For this current capability dearly the YBCO must be 
highly grain oriented very near to single crystal, so that the whole multilayer structure is in the form of very 
highly oriented overgrowths on a single crystal substrate. Impedance characteristics for the interconnect 
structure dictate that the dielectrics used must be of low permittivity (ideally <I0) if the geometry is to be 
preserved. Highly oriented thin films (2 pm or above) will be needed for the separation of strip line and 
ground plane structures. Dielectric loss requirements are a little less stringent than those required for the 
microwave applications; however, tan5 < 0.001 is highly desirable at the 77K working temperature. 

The family of substrates with the perovskite structure is most important as those materials are among 
the most obvious candidates for epitaxial growth of YBCO films. Substrates of perovskite structure 
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usually have the ideal cubic (such as SrTiOa), double cell cubic (such as Ba?YSbC> 6 ), hexagonal distorted 
pseudo cubic (such as LaA10$) or other pseudo cubic cells (such as NdGa (>3 that has the [GdFe0 3 ] 
structure with orthorhombic symmetry). SrTiO; crystals of high quality and large sizes, though are readily 
available and yield the best epitaxial quality thin films (primarily due to their dose interatomic structure 
matching to the HTSC), have high dielectric constant (>300) arising from the phase transition near the 
working temperature (~ 1 10K). Another probably the most used substrate currently, LaA 103 , though good 
in lattice matching and of reasonable dielectric properties, is heavily twinned and goes through a 
ferroelastic phase transition at ~435°C.‘ These macroscopic defects in the crystals are not tolerable in 
substrates used for complex microcircuits. 

hi our ongoing search for substrates suitable for microwave device and integrated drcuit applications, 
the focus has been upon developing and identifying new substrate materials primarily with perovskite 
structures for the deposition of superconducting yttrium barium cuprate (YBCO) films. It became 
increasingly clear to us that the demand on the substrates to have a close "lattice match" was in many cases 
less appropriate. Similarity in structure is a higher order criterion than simply lattice parameter matching 
though they are not independent. An ongoing wide range search for new low permittivity candidate 
matenals using the predictive capability of the phenomenological ionic polarizability arguments is briefly 
described. The unique capabilities of a laser heated molten zone (LHMZ) growth system have been utilized 
for test-growth of candidate materials in single crystal fiber form to determine structure, thermal, and 
dielectnc properties and make positive identification of twin free systems. This paper reports the 
combination of experimental and theoretical approaches in this field with focus on the complex oxide 
perovskites and related solid solutions. 


CRYSTALS OF COMPLEX OXIDE PEROVSKITE COMPOUNDS 

Ceramic samples were prepared by solid state reaction, using conventional techniques. X-ray 
diffraction technique was used extensively to characterize the crystallographic phases and to adjust the 
processing conditions. The laser heated molten zone growth method has been shown to be a powerful 
method for rapidly growing small diameter single crystals, particularly oxides of high melting te mp erature, 
for both property studies and fiber devices . 2 ? A The LHMZ equipment used in this investigation consisted 
of a power source (water cooled, tunable flowing gas C0 2 55W laser), an optical layout, and a growth 
section. The molten zone temperature during a stable growth was monitored using an optical pyrometer. 

Radio frequency dielectnc constants and the tangent loss were measured using a General Radio 1621 
Capacitance Measurement System. Dielectnc properties at microwave frequency were measured using 
resonance techniques equipped with an HP8510A network analyzer. Post resonance technique (the Hakki 
and Coleman technique) was used to measure the dielectric constants of the ceramic samples. Cavity 
perturbation technique was used for the measurements on samples of thin rod (e.g., single crystal fiber 
samples) or bar-shaped. The Q factors (of microwave frequency) at liquid nitrogen temperature were 
measured by a transmission resonance technique. 

Ba(Mgi/ 3 T 82 / 3)0 j (BMT) 

Ceramics of complex perovskite oxides A(Bl 1 / 3 B 22 / 3)03 type have been explored previously as the 
candidate materials with excellent microwave dielectric properties . 5 Ba(Mgj/ 3 Ta 2 / 3)03 (BMT), in 
particular, was reported to have a dielectric constant k~ 25 and dielectric Q~16,800 (one of the highest in 
the oxide family) at 10.5 GHz, in samples with 1 mol% Mn additive as a sintering aid . 6 BMT compound 
is one of the most refractory oxides known thus the growth of single crystals is difficult. A single crystal of 
BMT was grown from a BaF 2 flux. It yielded a significantly higher dielectric constant (~200 ), 7 
presumably attributable to the flux contamination. 

BMT single crystal fibers were grown successfully using our LHMZ technique. It grows congruently 
from the melt in the temperature range of 2900-3100°C. A high temperature phase of simple cubic 


perovskite was obtained at room temperature, in comparison to the hexagonal ordered perovskite structure 
usually obtained in ceramics. Dielectnc properties of both the ceramic and the single crystal BMT were 
studied. BMT ceramic samples have ultra low dielectnc loss (<lxlO* 5 at 90K and 10kHz) and good 
thermal compatibility (a ~ 9.0xl0 _6 /°C) with the YBCO superconductors. The single crystal BMT has a 
cubic lattice parameter a=4.0877A. The dielectnc constant increases and saturates as the bulk density 
approaches the theoretical density. Dielectric loss reduces with the enhancement of the ordering of the 
B-site. Single crystals of high temperature disordered cubic form preserve a moderate dielectric constant 
(26.0 at 10GHz) and low dielectric loss tan5 (2.78x10"* at room temperature and 10kHz and <10‘ 5 at 90K) 
that make this material unique for microwave device applications. 

The BMT lattice parameter of a=4.0877A, represents a lattice mismatch of 5.3% to the b-axis of 
YBCO (b=3.883A); this seems less ideal as a substrate for YBCO. However, there has been no clear 
cut-off for lattice parameter matches for "epitaxial" (or highly oriented) film deposition of YBCO. 
"Epitaxial" YBCO thin films on MgO single crystals (with mismatch of 8.5%) have been reported.* A 
BMT single crystal has a twin-free cubic perovskite structure that is advantageous as a substrate compared 
to some cf the heavily twinned substrates, e.g., LaA 103 and NdAlC> 3 . High temperature BMT single 
crystal grown by LHMZ is twin free, of moderate dielectric constant, low dielectric loss, and good thermal 
expansion matching and is therefore identified to be a potentially suitable substrate for the HTSC thin film 
deposition. 

The application of BMT as a substrate, beside its fiber crystals' applications for microwave antenna, 
may be restricted by the fact that single crystals are difficult to grow. Skull melting growth techniques, 9 
could presumably be used to grow BMT crystals of adequate sizes. The high melting temperature of BMT 
will not be a crucial issue, when the material is used as an insulating layer between the YBCO films in a 
multichip-module type of integrated structure, because vapor phase deposition techniques (eg., laser 
ablation and metal-organic chemical vapor deposition) rather than liquid phase growth methods will be 
utilized. 

Sr(Al 1/2 Ta V2 )0 3 (SAT) and Sr(Al i;2 Nb 1/2 )0 3 (SAN) 

The compounds of SifAl I/ 2 Tai/ 2)03 (SAT) and SifAli^Nbi^JOs (SAN) were first prepared and tested 
to learn their crystallographic phases and melting behavior by the group at the AT & T Bell Labs. 10 
Ceramic samples were identified to have double cell cubic perovskite structure with a=7.795A and melting 
temperatures of 1900°C and 1790°C for SAT and SAN, respectively. On the basis of our understandings 
of the crystal chemistry-dielectric property relation of various oxide perovskites. and the reports by the Bell 
Labs group that showed both the SAN and SAT melt congruentlv and produce a single phase of the 
perovskite structure after melting, we selected the SAT and SAN as primary candidates in the 
A(B1 i/ 2 B2 1 / 2 )0 3 complex oxide perovskite family for crystal growth and to investigate their properties in 
relation to substrate applications. 

Sr(Ali/ 2 Tai/ 2)03 (SAT) and Sr(Al]/ 2 Nbi/ 2)03 (SAN) are grown using the LHMZ growth technique. 
Their crystallographic structures are found to be simple cubic perovskite with lattice parameters 
a=3.8952A (SAT) and a=3.8995A (SAN) that are of close lattice matching to the YBCO superconductors. 
No structural phase transitions or twins have been found and the average coefficients of the thermal 
expansion are in good matching with the YBCO superconductor materials. SAT currently represents one 
of the best potential HTSC substrate materials for microwave applications. The unique feature of this 
material is that it has desired dielectric properties (dielectric k~12 , loss factor tan6<10"*) at the microwave 
frequencies with twin-free lattice and good thermal expansion matching along with chemical compatibility 
with the YBCO superconductors. 

Our experimental results on the SAT composition along with the earlier report on the congruent 
melting nature of the SAT and SAN compounds, have stimulated research works in the thin film area. 
MOCVD-derived SAT films grown at 850°C on LaA10 3 were found to have exclusively (001) growth with 
tn-plane orientation. 11 Using SAT polycrystalline materials as targets in a pulsed laser deposition process, 
Fmdikoglu et a/. 12 13 have reported high quality epitaxial (c-axis orientation) growth of thin films of SAT 




and multilayers of YBCO/SAT on (001) LaA10 3 and MgO substrates. Dielectric constants of the SAT 
films (~100-390nm thick), however, were reported to be -23-30, notably higher than the value (k~ 12) 
found in bulk ceramic materials. The deviations from perfect cation stoichiometry in films may be one of 
the causes for the discrepancy in value of the dielectric constants as the Al/Ta ratio in SAT films was found 
to be -0.8 rather than the stoichiometric ratio of unity . 12 - 13 No dielectric loss data has been reported for 
the SAT films therefore direct comparison between the dielectric constants of die film and that of fire bulk 
SAT sample is not intended. 


SOLID SOLUTION OF TERNARY AND COMPLEX PEROVSKITE OXIDES 

Further modification of the SAN and SAT compositions has been carried out to fine tune their 
properties, particularly reducing their melting temperatures (SAT: 1900~(1908±25), and 
SAN:1790~(1739±10)) 10 - 14 for easier fabrication of the crystals and better control of the reduction 
problem of the Nb 3 * and Ta 5+ This modification was also an attempt to overcome the twinning problem 
and to stabilize the cubic phase at room temperature in LaA10 3 crystals. 

LaAlOj has a rhombohedraily distorted perovskite (A^B 34 ^ type) structure. Although the La 34- ion 
generally prefers the 12 -coordination-site, it has a tendency for 9-coordination. The distortion in the LaO ]2 
polyhedron is brought about by a slight displacement of the oxygen atoms away from the ideal positions of 
the cubic perovskite-form, that is more clearly shown in other [rear-earth] 34 "AIO 3 family members when the 
A-site cation radii become even smaller, e.g., in the case of PrA10 3 . 15 • 16 In fact, no ideal cubic perovskite 
structure but the rhombohedral [LaAlQj] and the orthorhombic [GdFe0 3 ] structure have been reported in 
ternary compounds of the [A] 3 + [B] 3 + 0 3 type . 17 For aluminate compounds, rhombohedral symmetry is 
found when A-site is occupied by the largest A 34 " cation. La 34 ", and other [A] 3 + [Al] 3 + 0 3 compounds have 
even lower symmetry. 

Our approach following this direction was to introduce "balanced" cation substitution simultaneously 
in the A- and B-sites to increase the average cation size at the A-site, hence to stabilize the 12-coordination 
of that position and consequently the cubic perovskite structure. The solid solution of ternary LaA10 3 and 
complex oxides of Sr(Al i/jTat/i )03 or SKAl ia Nbi/ 2 ) 0 3 was chosen for investigation. 

By forming crystalline solutions with compounds of low melting temperatures, it was expected that the 
crystalline solution would result in lower melting temperature and consequently avoid the reduction 
problem and permit growth in platinum crucibles. NdGa0 3 was found to have a melting temperature of 
~1484±24°C, and it was therefore selected as an end member of the crystalline solution series with SAT 
and/or SAN for the present studies. NdGa0 3 has the [GdFe0 3 ] structure with orthorhombic symmetry. 
No twinning problems are reported in this material. YBCO thin films deposited on NdGa0 3 were of better 
quality compared to those deposited on LaAlQj substrates. However, the high dielectric loss in the 
NdGa0 3 is a limiting factor for the YBCO film applications in microwave devices. 

Single crystal fibers of modified strontium aluminum tantalum oxide (l-x^rfAli/jTai^O^xLaAlOs 
(SAT:LA) and (l-x)Sr(Ali/ 2 Tai/ 2 ) 0 3 :xNdGa 0 3 (SAT:NG), and modified strontium aluminum niobium 
oxide (l-x)Sr(Ali/ 2 Nb|/ 2 ) 0 3 :xNdGa 0 3 (SAN:NG) and (l-x)Sr(Al 1 / 2 Nbi/ 2 ) 0 3 :xLaA 10 3 (SAN:LA) were 
grown using a laser heated molten zone growth technique . 11 0.7SAT:0.3LA grows congruently and 
remains twin free simple cubic perovskite structure (as the SAT) when cooled down to room temperature. 
0.7SAT:0.3LA crystals have moderate dielectric constant (tc=21.7) and low dielectric loss (tanS=7.5xl0* 3 ) 
at 10 kHz and 90K. The reduction problem of Ta 34 " is eliminated (which is common in the case of SAT 
growth). 0.7SAT:0.3NG and 0.7SAN:0.3NG have lower melting tem p er a tures and crystal growth is 
easier. NdGa0 3 addition to the SAT and SAN enhances the potential of SAT and SAN as large area 
substrates for HTSC growth. However, the dielectnc constants increased from k~ 12 to k~ 16 
(0.7SAT:0.3NG) and from k~ 18 to k~ 23 (0.7SAN.0.3NG) as a result of NdGa0 3 incorporation. 

Our results further confirmed the report of Mateika et al . 19 20 that the ideal cubic phase can be formed 
in (La,SrXAl,Ta)0 3 compounds. It is interesting to notice that similar substitutions using [Ca,Ta] instead 
of [Sr,Ta] did not produce a compound with cubic structure. The average A-site cation radii of the 



[Ca,Ta] substitution is smaller than that of LaA 103 (ionic radii of Ca 2+ , La 3+ , and Sr 2+ are 1.14, 1.185, 
and 1.27 A. respectively), 21 therefore, no stabilization effect on 12 -coordination A-site is expected. 

The cubic symmetry for the compound of SAT-NG and SAN-NG may be due to the fact that Ga 3+ is 
almost of the same cation size as Ta 5+ /Nb 5+ . Slight reduction in the A-site cation size is accompanied by 
the slight increase of the B-site cation size and thus the cubic structure of SAN or SAT stays intact. 

The ideal cubic perovskite structure can be stabilized in the case of ternary LaA 103 by forming a 
crystalline solution composition with cubic Sr(Ali/2Ta]/2)0 3 and Sr(Ali/2Nbi/2)0 3 . The mechanism of this 
type of stabilization is through introducing the compensated cation substitution in the form of 
[2La 3+ ]+[Al 3+ ] —► [2A 2+ ]+[B 5+ ] with the A 2+ cation having a radius larger than that of La 3+ and therefore 
stabilizing the 12-coordinated A-site. Crystalline solutions of SAT-LA maintained or improved most of the 
dielectnc and thermal properties of LaA 103 and gained the advantage of forming a twin-free simple cubic 
structure and improved lattice compatibility. NdGa 03 is shown to be an effective end member to decrease 
the melting temperature of SAN and SAT without disturbing their simple cubic (twin-free) crystal 
structure. Dielectric constants of SAN and SAT with addition of the NdGa0 3 were increased; however, 
the dielectric loss factor still remained less than 5X1CH. The results suggesting that SAT-LA and SAN-LA 
are better candidates as substrate materials than LaA 103 because the latter is intrinsically twinned. The 
growth of SAT-NG and SAN-NG are comparatively convenient as they have relatively low melting 
temperatures together with the relatively lower dielectric constants and the ideal lattice constants and 
thermal compatibility with the YBCO superconducting materials. 

Other substrate candidates such as La(Mg 2 /3Ta|/3)0 3 , 22 La(Mgi/2Tii/2)0 3 , 23 (Ca,SrXGa.Nb)0 3 24 and 
a family of matenals of the magnetoplumbite structures 25 have also been fabricated and their dielectnc 
properties studied. These crystals and their associated solid solutions provide several new options for ultra 
low loss, low permittivity, twin free oxides with low congruent melting temperature, matching thermal 
expansion and excellent chemical compatibility. 


SUMMARY 

Oxide crystals with the perovskite structure are major candidates for YBCO film epitaxial deposition 
particularly if large size cubic, twin free crystals become available. SAT has already shown promise m 
high quality epitaxial YBCO film growth. With improved growth capability, the SAT and particularly its 
modified solid solutions may be more useful than the intrinsically twinned LaA 103 . Solid solutions 
between the known complex perovskite oxide and ternary end members, especially gallates. will provide 
large number of options to tailor the material for specific device applications. The property parameters of 
the newly proposed substrate matenals of oxide perovskite family are summarized in Table I. LaA10 3 and 
NdGaOj are also listed for comparison. 
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TABLE I. Properties of Some Newly Proposed Oxide Perovsldte Substrate Materials 


Composition 

symmetry 

Lattice 
Constant (A) 

K 

10kHz 

90K 

tan5 

10kHz 

90K 

a 

(xl0-6/°C) 

(O-300K) 

Melting Point 
(°C) * 

BMT 

(crystal) 

Cubic 

4.0877 

25.9 

<io - 5 

9.0 

(>2800) 

SAT 

Cubic 

3.8952 

11.8 

4.2xl0- 5 

9.7 

1908±25 

SAN 

Cubic 

3.8995 

18.7 

2.2X10- 4 

8.5 

1739±10 

SAT-LA 

Cubic 

3.8727 

21.7 

7.5xl0- 5 

7.7 

1830±22 

SAN-LA 

Cubic 

3.8634 

25.7 

2.8X10- 4 

9.5 

1705+20 

SAT-NG 

Cubic 

3.8866 

16.0 

4.3X10- 4 

8.8 

1767+31 

SAN-NG 

Cubic 

3.8790 

23.0 

5.2X10- 4 

10.8 

1582±20 

LaAlO, 

(crystal) 

Rhomb. 

a=3.789 

a=90.12 o 

23 

7.5x10-5 

8 .2//[ll0] 

6.4//[001] 

2040+9 

NdGaO-* 

(crystal) 

Ortho. 

a=5.426 

b=5.502 

c=7.706 

23 

(77K,10GHz) 

3.2X10- 4 


1484+24 


♦The melting point was determined rather simply using a strip furnace, with two operators using two separate 
optical pyrometers and averaging several readings per sample. 




